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SCOPE AND HISTORY 

matter In the face of the fragmcntarj' chemical knowledge of their 
time, tins concept could onlj be dimlj perccned, uith the rise of modern 
biochemistr>, during the past half-ccnturj , it lias receued extensne 
documentation It is nou clear that a chemical process studied in a 
\cast culture raaj illumine a comparable senes of reactions in mammalian 
muscle, or the stud} of the respirator} pigments of in\ertcbratcs raa} 
pro\idc basic data for the elucidation of a general mechanism of biolog- 
ical oxidation Although there is much dncrsit} in tiic chemical acti\itics 
of difTcrent biological forms, it is becoming c\cr clearer that man\ funda- 
mental biociicmical reactions undcrl>ing cellular function exliibit a 
striking uniformit} from the lowest to the most highl} organized fonns 
of life In its subsequent historical dc\cIopnient, therefore, a major 
section of "general phjsiolog}” has been transformed into "general 
biochemistrj " 

In the study of the functions of li\ing things, one is confronted bj 
plnsical phenomena (eg, motion, electric conductance, absorption or 
emission of light, production of heat) It has long been the task of one 
area of general phjsiolog}, now called "bioplnsics," to stud} such phe- 
nomena The grow til of liioclicinistr} has permitted, m man\ instances, 
the correlation of plnsital eaent*^ in biological s}«tcms with chemical 
processes The biochemist, therefore, must consider a plnsiological 
proccs'5 not onl} in terms of the chemical nature of tlio substances that 
arc in\oUcd in it, but also in tenns of the phxsical relations among these 
substances, and of these substances to tbc cn\ironment To do this 
adequateb, he must call into pla} the bod} of knowledge known as 
"ph}Mcal cliomistr} " In order to understand the energ} relations in 
biological ‘'\i,tcms, an acquaintance with tlicnnoda nainics is essential, 
and no apjiroach to the chemical djnninic's of Ii\ing things can be made 
without a knowledge of the kmttics of chemical reaction*! Much of 
modem biocliemi'itr} ha*? its founilations in the work of lo-sinh ^\illard 
Gibb'S (1839-1903)'’ on cheimcil thcrino<Kn umc«, of lacohu*! Ilcnncus 
Nan't Hoff (1852-1911) on clicmical kinetics, 'ind of S\antc Arrhenius, 
(1859-1927) on clcctrol}tic di«*'OCi ition \inong the man\ excellent 
textbooks of ph}«ical chcmi‘*tjw arc tlio'^e of Gla'^tone'^ and of Daniels 
and Albert} \nluab!c book*? on tbi« Mibjcct, a** ap])licd to biochemical 
l)robIcm«, nre tlio-c of Clark’’ ami of Bull 

I’ WJiofIrr Jonnh M ilinrd ^nlp Lnurr'iU Pre-w Xcw IlT\cn 1^)1 

^ GI'L««tnno, Icitbodf of Phj/ icat Chcfntiirj;, \nn Nclnrul Co Princtfon 
N J lato 

"1 Dtniph ‘ind n A All>rrt) /’Ai^ora/ CArmwlry, John \\ iIp\ A Son« Ntw^ork 

tax', 

M Chrk Toptc* in I’hvnrnl CArmufry 2n<l D1 , \\illmms md 
C<i^ Italtimnn lOjj 

1® 11 U Hull, Ph]/ncol Vtochcviulrv 2nd 1^1, Jo!m \\ ilcj A Xcw Tork, 1951 
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From the foregoing discussion of the slope of biochemistry, it will 
be clear that this field resists classification as a biological or a physical 
science Not only does biochemistry cut across the artificial boundaries 
set up within chemistry and within biology — it also serves to link the 
physical v.ith the animal and plant sciences Many separate streams 
of knowledge thus nourish the growth of biochemistry, and its rapid 
development in recent decades is the direct consequence of the fruitful 
blending of many broad lines of experimental endeavor For example, 
the niwer knowledge of atomic structure and the resultant discovery of 
isotopes have provided the most pow'erful method yet deMsed for the 
study of chemical changes in intact animals, plants, or microorganisms 
In the same way, purely biological studies on genetics and the artificial 
production of mutations also have led to the study of biochemical reac- 
tions from new points of view These are but two recent examples of 
the cumulation of knowledge from different disciplines brought to bear 
on biochemical problems The earlier history of biochemistry is replete 
with other examples 

Because of its successes m gaming a clearer understanding of the 
chemical activity of all forms of living matter, biochemistry has had 
many important applications in mcdicmc and agriculture, and thus has 
contributed matenallj to human welfare It is well to remember, how- 
ever, that, though these practical benefits of biochemistry have been 
great, and promise to be greater, they are the result of studies largely 
undertaken for their own sake, rather than as conscious attempts to 
cure a disease or to increase a crop The student of applied biochem- 
istry (e g , nutrition, chemical pharmacology) cannot go far in his field 
without a clear appreciation of the fundamental facts and principles of 
biochemistry, and, what is perhaps more important, of the gaps m bio- 
chemical knowledge that still remain to be filled 

Some Historical Aspects of Biochemistry 

The origins of biochemistry may be traced to the writings of that turbu- 
lent upsetter of the status quo, Theophrastus Bombastus \on Hohenheim 
(1493-1541), who gave himself the name Paracelsus Paracelsus began 
his education in the mining region of Cannthia, and there he acquired 
a knowledge of the chemistrj of his time When he entered the field of 
medicine, he brought his chemistry with him The union of chemistry 
with medicme animated the work of many who followed Paracelsus, 
and who called their field “medical chemistry” (latrochemistry) Of 
these men, Jan Baptist van Helmont (1577-1644) was perhaps the most 
important During the sev enteenth centuiy , the groundw ork of scientific 
chemistry was laid by Johann Rudolph Glauber (1604r-1670) , Robert 
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Bojlc (IG27-1C91), and others** Tlic} pa\ed the uaj for the ‘'rc\olu- 
tion in clicmistrj during the latter half of the eighteenth centurv , wlien 
the scientific basi's of biochcniistrj emerged from the studies of men 
like Karl Wilhelm Scheclc (1742-1786) and Antoine La\oificr (1743- 
1794) *2 

Scheclc, a Swedish pharmacist, was interested in the chemical compo- 
sition of \cgctablc drugs, and of plant and animal materials in general 
During his lifetime, he isolated a large number of new substances, among 
them were citnc acid from lime juice, lactic acid from sour milk, tartaric 
ucid from wine, malic acid from apples, and uric acid from urine Also, 
b> heating plant and animal fats with alkali, Scheclc disco\crcd glicerol 
Tile substances that bchcclc isolated from Ji\ing matter and the man} 
others obtained b} his contemporarica had to remain the objects of 
curiosiU until two important steps had been taken m the c^tabh‘*hmcnt 
of chemistr} as a science The first of fht'c w is the dciclopmcnt of the 
concept of ovulation, b} Lavoiaitr, and the second, the enunciation, in 
1804, of the atomic thcor} b} John Dalton (1766-1844) Ihcec, in turn, 
led to tlic dc\clopmcnt of the tcchnuiucs of qunntilatnc tltmrntarj 
nnaljsis h} Berzelius and b\ lustus von Liclug (1803-1873) *■* The 
annlj«is of the manv products lint had been isolated from plants ind 
animals b} IS'iO showed them to contain carbon TJic studj of the 
structure of these compounds bccunc the task of organic chemi'strv, 
and, b} the end of the nineteenth centurj, svnthctic organic clicmists 
lind made in the I iborator} man) of llic compounds ongnmll) found in 
hiological inatenals At fir«t onlv 'itiiplc «ul)'‘tanci'‘ e^cli as urea were 
s}nthc''izcd, hut, bv iSSo, nature bad been succos-full) umtited in 
the fi}ntbc«is of two phnt djes of compicv structure — mdigo and 
idiz irm 

The cvpeninental contribution*- of Liebig plavtd an important part in 
the carlv ilevelojuiunt of bioclitmi'-tr} , and ‘-evcril of hi'' hook's pro- 
foundlv innucnci.d '-ub'-cquent effort*' m Ihij, field Of < 51)001 il significance 
wa‘5 hi*' Organic Clicmistn/ in Ipplicatwn to Phi/vologt/ and Pathol- 
ogy juibb’-hed in 1812 The fragment vrv data nvivilibk to him at that 
time ilid not deter Liebig from evtcii'ive *5peculation as to the clicmical 
bi'-i'' of biological procc-cc'- For Ihi" reason, In- book elicited from 
Berzelius the following comminl, which lia« meaning even (odnv 

'llu'- ii'N kind cvf pln^iolozicvl clunu tr\ i-« ereatwl at the ^\ntln^ dok and u 
tlie morr d tngf ron , tlie more 1.1 niii« poc^ into its execution 

“ I T Morr* Thr /i/< and U nrl t of thi Uonoumblr Jtohrrt Boyle Oxfonl Lni- 
\rri-it% I’ri-*'* liondon lajl 

1-1) MrKu Infoinr ('c«» r. Cun tsld** Ixjndon, 10 j2 

n \\ A Ju*tu* ton LM-tn/;,Tlit Macxndlan Co^ \o k, IS^J 
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The high point in the development of structural biochemistry came 
m the T\ork of Emil Fischer (1852—1919),^^ who, in the course of h 
scientific career, completely altered the direction of research on the chen. 
istry of the principal organic components of living matter — the sugar 
the fats, and the proteins The decisive factor in Fischer’s success wa 
his skillful use of the techniques of organic chemistry to obtain fror 
complex materials of unknown structure simpler chemical substances 
whose structure could be established, first by degradation, and then by 
synthesis Much inconclusne work had been done by Fischer’s prede- 
cessors on the chemistry of complex biochemical substances, his*genius 
set descriptive biochemistry upon the fruitful path it still follows'’'. 

Just as the loots of dcscnptne biochemistry he m the rtaearches bf 
Scheele, the basis of dynamic biochemistry may clearly be found in the 
work of Lavoisier In replacing the phlogiston theory of combustion by 
the concept of oxidation, Laioisier also clarified the nature of animal 
respiration and the relation of tins physiological phenomenon to the 
production of body heat There are few sentences m the literature of 
biochemistry more dramatic in their impact than the following, taken 
from Lavoisier’s memoir on heat, published m 1780 

Respiration is therefore a combustion, slow it is true, but otherwise perfectly 
similar to that of charcoal 

The study of heat, during the first part of the nineteenth century, led 
to the formulation, m 1842, by Julius Robert Mayer (1814-1878), of the 
law of conservation of energy, winch he explicitly applied to both living 
and nonliving things The work of Mayei, of Hermann von Helmholtz 
(1821-1894), and of those who followed, led to the establishment of the 
science of thermodynamics, essential to the understanding of energy 
relations m biological systems 

Although Lavoisier, in common with most of his contemporaries, 
thought that the combustion of foodstuff'? oecuired in the lungs, and 
Liebig later said that it took place in the blood, subsequent work, prin- 
cipally by Eduard Pfluger (1829-1910), showed clearly that the tissues 
were the site of this process ^luch of the research in modem biochem- 
istrv has been concerned theiefore with the mechanisms whereby the cells- 
of tissues oxidize chemical substances derived from the food 

In addition to the process of respiration, another phy siological phenom- 
enon, that of digestion, occupied the attention of the pioneers of bio- 
chemistry The initial advances in this field came from the work of 
van Helmont, who sponsored a chemical theory of the digestion of food 
by animals The decisive expenmental evidence for this view came 
from the researches of Rene de Reaumur (1683-1757) and of Lazzaro 
M 0 Forster Trans Chem Soc , 117 , 1 (1920) 
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newer procedure has an important advantage m that it permits the 
direct ob«er^atlon of rapid changes in the size of protein molecules 
V more dot uled discus«ion of the hght-scattcring method ma> be found 
in a \ aluablc re\ lew bj Dotj ami Cdsall 

Electron Microscopy of Crystalline Proteins The molecular weight 
lof some proteins may be determined bj means of the electron micro- 
scope, which pcnnits magnifications up to about 100,000 diameters 
If the protein particles oriented in crystals arc assumed to be appro\i- 
inatclj spherical, a calcul ition maj be made of the \olumc of the pro- 
tein molecule from the measurement of the rliameter of a particle The 
molecular weight maj then bo estimated from the aoluino and dcnsit\ 
of the materia! under examination In this manner, Hall''* has found 
a \aluc of approMinatolj 300,000 for crystalline cdcstin, in excellent 
agreenunt with that reported (310,000) on the basis of iiltraccntrifugal 
data 

Sedimcnialion of Proteins in a Centnfugol Field ^^hcn it became 
clear that {irotcins arc large molecules (niacromolcculcs), the possibilitx 
aro«e that their molecular weights could ho determined by subjecting 
a protein solution to a strong centrifugal field, and by obserMng the 
rate of nwemont of the protein outward from the center of rotation 
This method was do\cloped by S\edl>crg, wlio, in 1925, in\cntcd tlie 
instrument called the uUraccntnfiigc**’'^' Tlic speed** tint can he 
attained in thi« centrifuge, or m modifications that ha\c been de^ el- 
oped since S\cdbcrg’« first model (Tig 6), arc a*! Ingh as 00,000 rc\olu- 
tions per minute (rpin) At thc?e high speeds, centrifugal fields of 
thcordcr of ">00,000 time** gravity max readily be attained The intensity 
of a centrifugal field i*- u'^ually cxpr<.'-«cd m terms of the magnitude of 
mfiT/rirga'i 'litiw Wv'ClVV a>VraVi •/» *iti Viix xfi 

rotation b\ the equation 

Her = I IIS X 10-5 X r X (rpm)= 

Here HCr is expro-sed n** the gra\ ilatioiml force acting on a l-gram mass 
at a distance r (in centmuttr-l from the axis of rotation A conxcnicnt 
griphical nittliod for the cilciilation of HCF 1ms been reported by Dolt 
and Cotrias^ 

In U'lng the ultractnlrifugt for mokcular weight determmatums, two 


•"I* Dotx nntl J T I^I-'ilI It/i'anr#** |« /*r«f«in r/»« m , 6, 35 (19ol) 

=*C I lliW J Ihnl Chrt’i ins. 4a (1050) 

ln« N J Acntl 13.177(1912) 
pirk.l- Cf.rm lUl» 30 3II (1912) 

5* T V^'Wljprj, nn<l K O IVxlrr^n, 7 hr tllracrninfugr, Tlir Clnrcn<lon I’rtv* 

^ nnd J iVt Sn Jnslr 1J.39S(I9J0) 

V Pi>l ancl G C Cotjiaf Sciittc*-, 113. 552 (I9jI] 
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lines of approach are possible In the first, the method of sedimenta- 
tion equilibrium, a relatively lov\ centrifugal force is applied to a pro- 
tein solution until the distribution of protein throughout the column of 



Fig 6 Cross section of an eleclntally dnten ultracentnfuge The rotor (C) is 
suspended from a motor armature (D) bj means of the flexible shaft (4), and is 
spun jn an evacuated chamber to reduce fnction (From C Skarstrom and J W 
Beams 3-) 

liquid m the centrifuge tube lias reached a steady state In actual prac- 
tice, one measures the competition between sedimentation and diffusion 
bj centrifuging until no further movement of the protein is observed 
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Tlic molcculftr ilf ma^ tlicn be calculated b^ means of tlic formula 

2RT\n{c2M 

~ «-(l - Vpnz2~ - 

where Cj and C 2 arc the concentrations of protein at distances Xj and Xo 
from tlic axis of rotation, w is the angular \clocitj of the centrifuge, 
V IS the partial specific \olume (the increment in \oIumc when 1 gram 
of dr> protein is added to a large amount of soKent), and p is the 
(lcnsit\ of the solution The method of sedimentation equilibrium, 
though tlicorcticallj well defined, suffers from the disadi outage that 
long tunc pcrio<ls arc required for the attainment of equilibrium IIow- 
c\er, bj measurement of the rate at which equilibrium is approached, 
the molecular weight of proteins maj be determined after relatueh 
brief centrifugation 

The second procedure, termed the sedimentation \clocitj method, is 
the one most widclj u«od for the determination of the molecular weights 
of proteins Tins method inioho'' the measurement of the rate at which 
proteins nunc in centrifugal fields of such liigh intensitj that the procc«s 
of sedimentation n much more rapid tlinn that of free diffusion The 
protein molecules, wlucli ino\c outward from the center of rotation, arc 
more dcn«c than the soUent, and a fairh sharp boundarj is formed 
between the pure sohent and the protein solution (Fig 7) In the 
inca«iurcmcnt of «cdiincntation rates ad\antagc is taken of the fact 
that the refractive index of the liquid in the sedimentation cell changes 
markedU at «*uch a boundarj In earlier work, the sedimentation of 
proteins was followed b} photographing (he cell with ultraviolet light, 
ns will he “cen on p 74, proteins cxlubil nlcctivc light absorption in 
the rtgiou of 280 lup 

A number of ingtmou« optical inctho<ls have been devised for the 
observation of change'* in (he refractive index of a protein solution in 
till region of a bounilarv forincel b\ tlic moicinent of a protein in a 
Cl ntrifug il field , sc\ cr il of tlic-c metbod‘5 nl-o hav e been u^cd to obsi rv c 
the migration of a protein m an electric field ("electrophoresis”, p 102) 

I or the photogniphic regi-tntion of the boundarv, use is made of optic il 
technique* Im^id on the fict that an incident light beam will be licnt 
the mo't ns it pis^cv through the solution m the region of tlie bouriilar}, 
will re the gradient of protein concentration is greatest One of these 
techniques is the "schhcrtn-sranning method" (cf Fig 8) devised In 
I ongmorth*^ in connection with the «tMiIv of the electrophoresis of 
protims, another "schhertn ’ method mvoUes the use of a diagonal 

\ Gi!i«luirK 1 1 nl irr/i lliochcm ond flS, SI 5 ( 1050 ) 

^-1 Ct Ixinmortli Ann X 1 Acad **< 1 , 39, !87 <1039) 
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Increase In 


refractive gradient 




Fig 7 Sedimentation of 
hemocyanin The set of 
four photographs on the left 
was recorded by the refrac- 
tive index method, the senes 
of photographs below was 
taken b> the ultraviolet ab- 
sorption method Speed, 
18,000 rpm (From E G 
Pjckels 30) 


57 5 MM TO AXIS 
lOF ROTATION 


MENISCUS 
OF FLUID 


••■■III 


LIGHT INTENSITY REFERENCES 








Fig 8 DnRnm of I onps^orth’*! ‘'«chliercn 'cinninp ’ mctliod L, hmp, S, Fchliercn 
Ions, h , elcctrophorp'is cell, D schljcrcn dinphripm whicli i« nio\c<l upward at a 
con'itant rate, thus cutting off tlic light dofleeted downward b> tlir protein l)oiindar> 
(Jl), and producing \ pchheren band (German, Schftcrc, streaV. shadow) at p on the 
pliotognphic plate (P) 

sht and a cylindrical lens, as sliottn m Fig 9 The latter optical method 
IS \Mdelj employed in measiircmonts of the sedimentation aelocitj of 
proteins, as \tell fls in electrophoretic studies Such methods permit not 



^Ifl 9 Dnerntn of fjplinl for the oti««nation of the rnfc of clHngc of 

jfjthx pri<Iirnt during pctlinunlalion of a protein solution (from f G 
sn^ 
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only a measure of the position of a protein boundary in the solution, 
but also an estimate of the concentration of the protein in question In 
the photographs of the sedimentation cell, made by the refractive index 
method, the boundary appears as the top of a sharp peak, as shonn in 
Fig 7 The area under the peak is a measure of the concentration of 
the protein m question (The diagrams are usually turned through 90® 
for the purpose of representation m printed articles and books ) 


r 



REFRACTIVE ABSORPTION 

INDEX METHOD METHOD 


Fig 10 Sedimentation photographs, taken by the refractive index and absorption 
methods, of a mixture of tivo proteins ha\iDg different sedimentation velocities The 
lorer pe'vk m the left-hand photograph corresponds to the hea\ier (more rapidly 
sedimenting) protein component of the mixture (From E Q Pickelsso) 

Only a single boundarj will be formed on centrifugation of a solu- 
tion in v\hich all the protein molecules have the same molecular weight, 
and only one peak attributable to protein material viiU be observed m 
the diagram Hov^cver, if tno kinds of protein molecules of significantly 
different molecular eights are present, two boundaries will result, and 
tw'o peaks v,ill be noted m the diagram (cf Fig 10) The observation 
of the behavior of a protein preparation in an intense centrifugal field 
thus provides information about its homogeneity The appearance of 
a single boundarj may be taken as evidence that all the protein molecules 
are of the same size It would not be justifiable, however, to call the 
protein “pure,” since highlj purified proteins have been found to be 
“monodisperse" in the ultratentnfuge under a given set of conditions 
but to behave as mixtures of several molecular species under other experi- 
mental conditions or when btudied by other methods 
The rate of sedimentation is usually expressed m terms of the sedi- 
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incnt'ition constant s, wliicli is the \clocitj for unit centrifugal field of 
force, and ^\hich has tlie dimcn'sjon*' of time From the observation of 
tlic rate of movement of the protein boundarj, s innv bo calculated bv 
means of the formula 


velierc x distance from the axis of rotation and t> is the angular veloc- 
itv in radians per second For llic proteins studied hitlierto, s lies be- 
tween 1 and 200 X 10“ •‘cc For convenience, it hn« been agreed to 
refer to a sedimentation con‘*tant of 1 X 10“’’’ n« 1 Svedberg unit (5), 
and ab sedimentation constant*? arc then given in Svedberg units Data 
cm sedimentation constants are uniformI> presented for water as the 
solvent and for a temperature of 20® C 

In order to use the sedimentation constant for a calculation of the 
molctuhr weight (M) of a protein, the found value of s is inserted in 
the cciuntion 


M 


liTs 

iKl - Vp) 


where li i'‘ the ga« const int T is the absolute temperature, D is the diffu- 
•«ion coifTicicnt (or con^-tint), p is the. dcnsil), and V is the partial spe- 
rifit volume (p 37) flie partial specific volume of most proteins'**^ js 
in the range 0 70 to 0 73, it i** (kUrimncd b> mcasurcment‘‘ of the clcnsitv 
of tilt solution as a function of the concentration of anhydrous protein 
The nhovc equation for the molecular wciglit j<? an nppro\imnto rela- 
tionship which litcomc- iiairc txnct ns the concentration of protein 
npproacht* zero The sedimentation const mt should tliercforc be deter- 
mined n« a function of conccntrition, and the value of < extrapolated 
to zero concentration 

It follows, therefore, that in order to dttennino one must liavt not 
onlv a value for t, hut abo an independent nu isurcmcnt of the diffu- 
sion con^-tant 1 ), which inav be dtfincd a« tlie quantitv of material tliat 
difTii'-cs per second aero— a surfact I cm- m arei when the concentration 
grulniit IS I To meisiirc diffii'-mn, ii^c is muk of a rcfractomctnc 
mttho<l similar to that nu ntmmd i arlirr in connection w itli (he ohscrv n- 
tion of the moving boundarv in the stdiinentation of a protein Here 
no ctntrifugil field is applied, and out start** with a sharp boundarv 
belwtan tlic protein solution and thi solvent and ohsmts the spread- 
ing of tin boundarv as tlu profem diffusis into (lu soKmt hvir^^ The 
diffn-ion of proli ins will be ihscii-‘e<l fiirtlur on pji 149 f 

«T b XlrMiflin sn.I K Vf-iMidl ||r» 112 (|a, 2) 

* 1 (.1 IxnipsnnrUj Irin X J \rad Xo,16,2Jl (lOIS) 
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With the data on the sedimentation constant and diffusion constant 
of a given protein m hand, the molecular weight of a protein maj be 
calculated from the equation given on p 41 In Table 2 will be found 


Table 2 Appreximate Particle Weight of Some Purified Proteins as 
Determined by Various Methods 


Osmotic 


Protein 

Pressure 

Ribonuclease (beef pan- 
creas) 

Cytochrome c (horse 
heart) 

Myoglobin (horse mus- 


cle 


Lysozyme (egg white) 
Chymotrypsinogen (beef 

17,500 

pancreas) 

/3-LactQglobulm (milk) 

38,000 

Egg albumin (egg white) 
Serum albumm (horse 

44,000 

serum) 

Hemoglobin (horse er- 

73,000 

ythrocytes) 

67,000 

Hexokinase (y'east) 
Catalase (horse liver) 
Excelsin (Brazil nuts) 
Edciitm (hemp seed) 
Fibrmogcn (beef plasma) 
Hemocyanm {Helix po- 

214.000 


maUa) 

Bush> stunt virus (to- 
mato) 

t Dissociates into smaller 
(cf p 43} 


Sedimentv Sedimentation 


Light 

Scattering 

tion 

Equilibrium 

Velocity - 
Diffusion 


14,000 

12,700 



13,200 

14,800 

17,500 

16,900 

14,000-17,000 

26,000 

35.700 

45.700 

38.500 

40.500 

24,200 

41,500 

44,000 

76.600 

68,000 

70.000 

276.000 

335.000 

340.000 

68,000 

68,000 

97,000 

225.000 

295.000 

310.000 

330.000 

(6,340,000) t 

(6,700,000) t 

(8,9I0,000)t 

9,000,000 

7,600,000 

10,600,000 


with changes m pH or concentration 


bcveral of the values determined bj the sedimentation velocitj -diffusion 
method, the results obtained by other methods are included for com- 
parison 

Sv'edberg suggested that the molecular weights of the proteins that 
he studied fell into groups, each of which represented multiples of 17,600 
Further studies have shown, however, that this is an oversimplification 
since manj proteins have been found to have molecular weights that 
cannot be fitted readily into such groups Examples of such proteins 
are ribonuclease (molecular weight 14,000) and egg albumin (molecular 
weight 44,000) 
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Dissociation end Association of Proteins In considering the numcr- 
icnl ^ allies for the molecular weights of proteins in solution, uhether 
obtained bj scdunentation-diflusion, osmotic pressure, or light scatter- 
ing, careful attention must be paid to the effect of changes in the protein 
concentration and in the composition of the solicnt It has become 
abundnntlj clear that, under a gixen set of conditions, some proteins mnj 
bchaxe as single components, but that, if the pH of the solution is 
changed sligiitl}, or if the protein concentration is decreased, new com- 
ponents of lower molecular weight maj be ohsorxed This was fir-'t 
noted witli the large licmocxamn molecules'’’ and has more recentl> 
been studied carcfull} w ith the protein liormonc insulin Tims, in neutral 
solutions containing about J per cent of insulin, the sedimentation con- 
•■(ant joft JS about 3 7.S, corresponding to a molecular weight of 36,000, 
at acid pH \ allies, the xaliic for S 20 markedly less (ca 2 OS) Tlie 
latter sedimentation constant corre-ponds to a molecular weight of 
about 12,000 Similar effect^ arc caused bj progrc«si\c dilution of the 
protein solution, and, if one extrapolates to “infimto dilution,” the rate 
of sedimentation again corrc«ponds to particles of 12,000 instead of 
dG.OOO The \aluc of 12,000 is twice the minimal molecular weight cal- 
culated from amino acid annUsjs (cf p 140), and osmotic pressure or 
‘‘tdmiertatjon xclocitj mcaMircmcnt<? gi\c a \altie of about COOO for 
in-ulin di'-ohcd in dmittlix Ifoniiamidt or m dio\nnc-wator*® It would 
‘•ccra, therefore, that in aqueous solution, and at suitable pH xalucs 
and protein concentration, in«ulin units of molecular weight COOO max 
aggregate rc\cr«ihU to form partick« of higher weight Another protein 
know n to di«'‘Oci ite into smaller units is the enrx me clix niotr^ psin w Inch 
cm eNi'*t, in solution, in a monomeric form (molecular wciglit 21,500) 
and a dimeric form (43,0001 AKo, hor'-e htmoglohin undergoes di«‘^o- 
cmtion to one-half molecule *• (inoiccultr xxcjght, ca 34, (XK)) in 4U urea 
solution-,^’ upon (hlution, or at •■liglitlx acid pH x ihic'- ’■ 
lhc‘-e oh erxation*- rai-e the qiK'^lion whether one max apph tlic term 
“molecular weight" to de-enhe the rcMiUs obtained on proteins hx means 
of phx'-iral methods such is sedimentation-difTiision In dealing with 
substance- of such large ilirmnsioiis, relatixe to the substances familiar 
to the student of orgmic chemistrx, it mnx perhaps he more accurate 
to f-pc \k of partith wiight than of iiioltcular weight Although it !•* 
custonurx to U‘e tin latter tenn, it must hi remembered that rno^l of 

1\ O n ( aU Spnng /InrfHtr ^ffmpu ta CJuntil Kml 11,1-10(1919) 

3'! I) !{.•«-« nn<! J SmK'r Sttlurr 176, 1072 (inW) 1 trMTicq J Am 
tArm s,«-^ 70 , 50a (|'i,7) 

•'’(1 \\ nnd “s hntifmiR J Hio! C Am 190,807 (lOjl) 

««J J n„i (/,rr, 123 311 {|*CS> 

*•1 O I irlt nH'l J It I’ OHrifli Hu>rhrm ftO, f>.iO 
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the data have been obtained by techniques designed to measure the 
behaMor of particles in solution, these particles in some instances, 
represent aggregates of a number of units that may be considered to 
represent “molecules” of the protein in question Apart from the intrinsic 
importance of this question for protein chemistry, it may have implica- 
tions for the beha\ior of proteins in Ining cells If the molecular sizes 
of physiologicallj active proteins turn out to be much smaller than the 
particle sizes found upon study of the isolated proteins, it may be less 
difficult to understand how such proteins can traverse cell membranes 
and thus exert their characteristic biological effects 
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Amino Acids 
as Sfructural Units 
of Proteins 


In tlio preceding cliapter it «as scon that the proteins represent organic 
*:ubstnnccs of large inolocnlir tize Thus, each molecule of a protein 
IS comp 0 ‘'cd of acr\ nnn\ atoms, for example, an clcmcntarx nmlj^is 
of the milk protein ^-Inctoglohulin (molecular weight 42,000) his shown 
It to ln\o an approximate formula of C|R^'^T^^ol^O It is 
olnioush impo-«iblc to use the results of elementarj anaK«i», which 
liaNc been so important for the studa of simpler organic molecules, in 
the establishment of the structure of a protein For this reason, tlic 
protein chemist has centered hi^s attention on a aanct\ of rclatncK 
small molecule*', the ammo acid**, that are obtained when a protein is 
subjected to ii\drol\-i« 

The structurt of the ammo acids formed upon the h\drnl\’'i« of pro- 
teins ha** been cstnbli-htd botli In degradation and In sjnthcsis m the 
course of cxt(.n«i\o work during the period 18“>0-19'>0 The simplest 
ammo acid, gUciiic (NlIjCII^COOII) wa** nl«n the first to he rccog- 
nizc<l as a j)ro<Iuct of protein h^droI\«l^, it was i-olitcd h\ Braconnot in 
1820 from n lndrol\**atc of gelatin ^met that date, about 2") amino 
ncuK lii\e been gciurdU acc(ptc<l to l>c jiroducts of jirotem lireak- 
down, a list of tlio ammo acid** known to l>t dtrncd from proteins is 
giMn in Inhk 1 An cxcclUnt account of the Iii'-ton of tin** subject uj) 
to 1930 ma\ ho found in the article l>\ \ickin and ‘‘chinidt ‘ 

\11 tlic ammo acid- lifted in T ildc 1 <lo not ijipi ir proilucta of 
Indroh-i** of (\tr> protein, and the proportion of a gutn ammo acid 
^arus greitK from protein to protein It would he rish to predict tint 
no new protein ammo nci<N will be elisro\erc<l in the future, one inn\ 
s ifch sa\, howe\ir, that such new niuino acuN, if found will not he 
pri-ent m apprccMhlc amount in the hxdroh -rites of proteins sucli as 
/?-lactogIohuIin or -crum allmimn, since it has alread% laen po—ihle to 

* II H ^ irkfn and Cl \ Srlimull Chem Pfit , 9, ICO (1031) 

4S 
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Table 1 Amino Acids Derived from Proteins 


I Aliphatic ammo acids 

A Monoaminomonocarboxylic 
acids 

1 Glycine 

2 Alanine 

3 Valine 

4 Leucine 

5 Isoleucme 

6 Serine 

7 Threonine 

B Sulfur-containing ammo acids 

8 Cysteine 

9 Cystine 

10 Methionine 

C Monoarainodica,rbo\ylic acids 
(and their amides) 

11 Aspartic acid 

12 Asparagine 

13 Glutamic acid 

14 Glutamine 


I Aliphatic ammo acids (continued) 
D Basic ammo acids 

15 Lysine 

16 Hjdroxydjsme 

17 Arginine 

18 Histidinef 

II Aromatic ammo acids 

19 Phenylalanine 

20 Tyrosine 

21 Diiodoty rosine 

22 Dibromotyrosine 

23 Thyroxine 

III Heterocyclic ammo acids 

24 Tryptophan 

25 Prolme 

26 Hydroxyprolme 


t May also be classified as a heterocyclic ammo acid 

account for all the nitrogen of these proteins in terms of kno^m ammo 
acids The possibility does exist that small amounts of netv ammo 
acids may be disco%ered as constituents of the enzymes or protein hor- 
mones ■which exhibit characteristic biological functions 


Hydrolysis of Proteins 

For the isolation of glycine from a hydrolysate of gelatin, Braconnot 
heated the protein with acid, this method of acid hydrolysis still is, in 
principle, the most useful procedure for the con'version of a protein 
into its constituent amino acids The work of Bopp, in 1849, and of 
HKsewitz and Habermann, ra 1873, led to the use of hydrochloric acid 
in place of the sulfuric acid employed by Braconnot When hydro- 
chloric acid IS the hydrolytic agent, the protein usually is treated with 

5 to 10 tiroes its weight of strong acid (6 to 12 A^) at 100® to 110® for 

6 to 20 hr The excess hydrochloric acid is then removed by repeated 
concentration of the solution (the “hydrolysate”) under reduced pres- 
sure The induidual ammo acids are present in the hydrolysate in the 
form of their hydrochlorides, and most of them may be isolated by 
taking ad\antage of their characteristic differences m chemical proper- 
ties, this will be discussed m connection with the chemical structure and 
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properties of the mdiMdinl nmmo ncjds If the experimenter wishes to 
ohtnm an acid Indrolvsato coinplctcK free of the inorganic nnum of 
tile acid u-ed for liidrohsi", sulfunc acid i« preferable to lijdrochlonc 
acid, since the sulfate ion max bt reinoxcd In tlic addition of barium 
hjdroMdc or calcium ludroxidc Certain of the ammo acuK arc dc- 
strnxcd upon acid IndroIxM*? of a protein, llii*‘ i« cspcciall} true of the 
amino acid trxptojihan, and, to a lc«<cr extent, of the ammo acids «crino 
and llirLomne When carljolnilrnte- are pre-ent in a protein prepara- 
tion that i*- subjected to acid Indroljsis, the appcarincc of black material 
(liumin) !«! ob'crxcd This i«a\ be diminished In conducting the 
Iijdrolj'is in the presence of metallic tin 
A more recent addition to the reagent'' nailahle for the acid lijdrolx'^i" 
of proteins IS a pohMilfomc icid rt-in- made In sulfonatmg poKshrene 
that has liocn cro'-'-hnked I»j copolMiicnzation witli dninjlbcnzene 
(see nccompanxing forinul i) 


/ 



sOiH SO3H 


8rcllf»n of ffo«« Ilnk«<l •ulf<»n«Jo<l ttnlyatjrrone 

Proteins }il»o m n lu Indrolxnd to ammo acuK In hting treated with 
alkalu*-, hoiling with 2 A '■o<!nim Indroxidi is cfTtctnc m tin- rt-picl 
HwNCMr, tin di-ul\ mligi- of thi'* procidun otl ‘■o muntnni- tint it 
1 - non u-(d \trx ran 1\ , if at ill \Ik dim h\drol\-i- li id- to the dc-truc- 
lion of tljo amino and- arginim, r\-tint, c\-timc, -irmL, and tlirnmiiu, 
ainl a!-o cau-t- Iht "r uiinization ’ (lo— of optic il ictiiitx ) of the protf in 
anuno nnd- 

In the diKi'tinn of protfin- in the g i-tromtc-lmal tract of the higher 
anumN, protnn- arc bxdroKnd to iinino and- mnhr rdatniK mild 
romhdon- of innptr dun ancimiditx In tin proti oh tie tnzMm - (pep-m, 
IrNp-di, lie } uho 4 priip< rtn- udi hr di-ru— e<l more fulh in Cliapt«r 29 
*J It \\ liilik* r nfj I I I O' illi«np , J Iw (/.»wi .s„r 77 , IV/) ( 1^55) 
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It ^ lU suffice to note that enzj'mjc hydrolysis of proteins is a third genera! 
method for the conversion of pjoteins to ammo acids Tlie disad\aiitages 
from a prcparati\e point of view are manj , the most important of these 
IS that the hj drolj sis usuallj requires prolonged incubation and is incom- 
plete It IS onij m the isolation of tryptophan, which is destroyed on 
acid hjdrolysis, tliat tlie use of proteolytic cnzjmes has pro\ed of sig- 
nificant value ns a preparative method 
As indicated before, the hjdroljsis of a protein leads to the formation 
of a variety of ammo acids With two exceptions, all the Lnowm ammo 
acids derived from well-defined proteins hnve the general formula 
R 

KHz— CH— COOH 


m which the symbol R denotes the characteristic “side chain” of the 
ammo acid in question The two exceptions are tlic ammo acids prohne 
and hjdroxjprohnc Tiic compounds Imving tlic general fonnula shown 
CHz CHz HOCH CHa 


:h8 chcooh 




CHj 

\ / 

NH 

H> drotyprolise 


JHCOOH 


are termed «-ammo acids, w'hereas prolmc and h>droxv prohne arc more 
correctlj designated o-imino acids, for convenience, however, these 
two cjclic compounds are also called ammo acids 


General Reactions of Ammo Acids 

Tlic chemical reactions selected for mention in what follows illustrate 
properties that will be of importance in the subsequent discussion of 
the chemistr> of proteins or that have proved valuable m biochemical 
studies as a basis for the analytical determination of the ammo acids 
and their derivatives A fuller discussion of these and other chemical 
reactions maj be found m the articles on amino acids bj Clarke® and 
by Desnuelle'* 

Reactions of the Amino Group Like all amino groups, the o-amino 
groups of ammo acids can accept a hjdrogen ion (a proton, H+) to form 
positivelj charged ions {p 92) These maj be neutralized by nega- 
tively charged ions (eg, Cl“,RS 03 ") to form salts 
~-NH2 + H+ + C1- — NHa+CI- 

T Clarke in H Gilman Organic Chemtslry, 2nd Ed, Voi 11, Chapter 14, 
Joha Wilej 4, Sons, Nea York, 1943 

■ip Desnuelle, m H Neurath and K Bade}, The Proteins, Vol lA, Chapter 2, 
Academic Presa, New \ ork, 1953 
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amino acids as structural units of proteins 

Sonic of the “nits of ammo acid* are sparingK soluble in water, this ha" 
pnned to be of \aluc in the i-olation of ammo acids from protein Indrol- 
NsatC" (p C4) 

In following the course of IndroK^is of a protein, and to determine 
when the h\drol\sis ha*: reachc<I completion, ad\antage ma\ be taken 
of the fact that under proper conditions o-animo acid« react quantita- 
tncl\ with nitrous acid as follows 


XH2— CH— coon + nxo> no-cn— coon + Xs + iisO 

The reaction !•> conducted in acid solution, and the group is con- 

\erted b\ nitrou« acid to an intennediato diaronium ion (RX^"^) wlncli 
dccompo-e^ to fonn X2 This reaction, characteristic of aliphatic pri- 
inani amine® wa« used in 1912 b\ Van SI>ke as the liisi* of bi< "nitrous 
ucul" inetliod for the cstunatton of amino acids he measurement of tlic 
\olumc of nitrogen liberated Sub-cquentK, Van SI\kc dcMsed a 
manometne apparatus to iletenninc the amount of nitrogen formed 
l)\ mea-urernent of tlic pro-urc of the ga^ at eon«tant \oIunie, this 
nppiritus In- ai-o liccn cvtrcmclj u-eful in n)an\ other anal\tieal 
procedure- ^ 

tlic h^droK-l- of a protein piaicccd-, tlic proportion of the total 
nitrogen that 1- found l)\ the mtrou- acid metliod to be o-ammo nitro- 
gen (rt-XHj — X) gradualU increa-es until the hxdrolesis is complete, 
anrl tilt ratio of n-XlU — X to total X rcaclie- a ma\inium Several of 
tlie protein ammo acnl- contain nitrogen which doe- not react with 
mtrou- icid to give nitrogen pa®, and Ihi- ratio u-uallv will be le— than 
unitv Thu'* proline and bv drowprolinc arc not prim irv amine-, and 
-onie of the protein ammo acid- ( irpininc, In-tidmc, trvptophan) con- 
tain, 111 tluir Mde-ebam group-, bound nitrogen which i- not libcr- 
ited bv tre itiiKiit with nitron® icid If a protein vitld- appreciable 
eiumlitie® of one or more of thi-i niiiiiio tcid- on bvdrnh-i® tlic final 
ratio of o-ammo X to total X iiiav l>c cxpecte-el to be imicli le— 
tlinn unitv 

Tlu ammo group- of all ammo acid- (and the iinmo group® of pro- 
line in<! hvelrowprobnc) read with n vnrielv ed nevintmg agent® 
\iiiong tlie-( ngint® art iriil clilorule- -uch a- acetvl clilnnde 
(CH-CO( I), bcnrovl clih)rnlc (Crll.COCU, be nrcno-ulfonv I chloride 
(CrIL'-OjCll md c irbedK mow chloride fix rizv lowcarlHtnv 1 clilo- 
rnh, Cflll^ClIjOC (>C11 rin-t romiKUind- all revet veitli the ammo 
gnuip of an attiino arnl (m alk dine -olutioj) ircoreling to the reaction 

I* an 1 1) I) Van ‘‘hke Clir»>nl Cf’fmtftry V r>! II 

V\jl!un'» ail VViIlin 0> Ilvtlirron* 1*03 
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bhown for acetyl chloride 

CHaCO—Cl + NHa— CH 3 CO— NH— -f HQ 

Other acjlating agents are acetic anhydride, which causes the forma- 
tion of acetjlammo acids, and phthahe anhydride, bj moans of which 
phthalo>lammo acids niaj be prepared 

+ NHi! , + 

rhthalie anhjdnde 



Another important reaction of the ammo groups of ammo acids is 
that with an isocyanate (eg, phcnylisocyanate, Cc^EsNCO) to form 
hjdantoic acids wliicli, in turn, can be coniertcd to hjdantoins An 


R 

C0H5NC0 + NH2CHC00H . 


R 

► CcHsNHCO— NH(!:HC00H - 

PbeDyih>daQto<e acid 


CsHiNCO- 


R 

i— NH(!)HC0 


PheDyibydatttom 


analogous reaction witli phcnyhsothiocjanate (CoHoKCS), jicldmg 
phenjltinohjdantoic acids and phenjlthioliydantoms, has proved useful 
m studies of protein structure (p 143) 

Treatment of a-ammo acids witli phosgene (COCI 2 ) or with carbon 
disulfide (CSo) leads to the formation of N-carboxjanhjdndcs (oxa- 
zohdonc diones) or of 2'thio-5-thnzohdoncs rcspcctivelj 


KCH— CO 

I \ 

o 

1 / 

NH— CO 

N Carbosysnh}(inde 


RCH — CO 

\ 

s 

/ 

NH— CS 

2 Tliio S>thusxotidoae 


A reaction that has proved cxlremelj valuable for studies of protein 
structure is the formation of 2,4-dinitrophenyl compounds {cf pp 142 f ) 
upon treatment of ammo acids and their derivatives with 1 -fiuoro- 
2,4-dinitrobenzene ® Other reactions of the ammo group include the 



R Porter and F Sanger, Btoehem J , 42, 2S7 (1948) 
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fnrnnlion of carb'xmino (stnWe onls in the form of tlicir s'llt®, 

— NIICOO“Xn+) ulicn COj react*: uith ammo acirl*? and protein*!, and 
the formation of ^ irioii*' condensation product*- uith aldclijdcs With 
aromatic aldchjilcs (cj;, hcn 2 aldeh\ do, C,jII',CIIO), the products arc 
Fcliiff hn‘-c« (eg, CrlI-,Cn=X — ) \\it!i aliphatic aldcli\dcs, Schiff 
base-' do not apjx ir to an appreciable extent, and instead nictlnlol (or 
h>d^o\^mcth^ 1) dcmati\es arc foriiic<I The mcthjiol compounds ma\ 

— MI. + HCIIO — XIICHsOH 

— xiij + 2ncno — X{cii20ii)2 

undergo further reaction® For example, the reaction of gheme nith 
formaldclude IcarN lo the formiiinn of the cjclic tricarbox\mcth\l 
trimctln Icnc triamine With other amino acids, sucli a*- «crine, cj'-teinc, 
asp'inginc, hi®tidinc, intr miolcciilar c\clization occurs 


IIOOCCIIjV CIIs 

in: NCIl.COOn 

iioomi.x cH: 

Tn<«rlmt>n»fth>l tnnwthjK w* tn»fnin(* 

Of special importance m the nniKtical chcmistn of ammo acid® i« 
the reaction of ammo groups with the rcigcnt ninludrm (trihctoliN- 
drindtnc h\dratt) W hen tre lUd \Mtli ninh\drin, most ammo acids art 
oxidali\cI> dtammUtd The resulting ammonn reacts witli nmlijdrm 
and it^ reduction product (hedrmdantin) to gi\c a hlue substance, 
methods ha\c been do\is(<l for tlie colorimetric nmljsjs of ammo acnN 
h\ measureiiunt of the mten-ite of the color formed" This rriction 


It 

■s-c O OH I 

0 01 ! 

Nlnh)<lrin 

J-( (/ \)II 

n> l/ir tantin 



It is turn u I'll h\ \nn is n bisj' for i cpnntit ili\< method for 

the i*!muti(in of ammo iraN, lure (he ( O. pretdiired in i\ be me isnnd 
iiunotiu trie ilh * 'sinet the furimtion of ( ()_ elipt luN uj>on the jiresence 

*s Ml,..,, nn 1 W II si.m j //„/ f 170 ’’r,? (I'tis) 211, W (la,!) 

• 1) I> \«n SM. ft nl J is, .1 ( iff III, FJ7 ei'ill) 
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of a free a-carbo\yl group as \vell as of a free a-amino group, the mauo- 
metric ninhydnn method is fairly specific for o-amino acids It is more 
specific than the nitrous acid method, mentioned earlier, since the latter 
procedure ^\ill determine primary ammo groups in amino acid deri\atives 
where the a-carboxyl group is substituted 
Another colorimetric reaction in\olving the a-amino group of amino 
acids (and of ammo acid dornatues containing a free ammo group) is 
that with ;8-naphthoquinone, or one of its derivatives 



^-Naphthoquinone 




(red) 


Reoctions of the Carboxyl Group The carboxyl groups of ammo acids 
can release a hydrogen ion, with the formation of negatively charged 
carboxylate ions, these may be neutralized by cations (eg, Na+, Ca2+) 
to form salts, some of which are sparingly soluble m water, or dilute 
alcohol 

RCOOH + Na+ + OH" RCOO-Na+ + H2O 
Like carboxyl groups m general, the o-carboxyls of ammo acids may 
be esterified by means of alcohols (eg , CH3OH) to give the correspond- 
ing esters (eg, RCOOCH3) This reaction was used by Emil Fischer 
and others for the isolation of amino acids A reaction that has been 
valuable for studies of protein structure involves reduction of the ester 
group to the corresponding carbmol (RCHoOH) by means of lithium 
aluminum hydride (L1AIH4) or of lithium borohydnde (L1BH4), an 
application of this type of reaction is discussed on p 131 

It w ill be recalled that amides are also general denvativ es of carboxylic 
acids, the formation of an amide may be designated schematically as 
follow's 

RCOOH + R'NH2 -* RCO— NHR' + H2O 

As will be seen from the discussion on pp 129 f , the individual ammo 
acids within an intact protein are linked by amide bonds, and the cleav- 
age of a protein by acid hydrolysis involves the hydrolysis of CO — NH 
bonds, le , the reversal of the reaction shown immediately above The 
amide bond between two ammo acids is usually termed a “p^Ptide bond” 
or a “peptics linkage ” 
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The Special Chemistry of Amino Acids Formed on Protein 
Hydrolysis 

It mil be profitable to consukr, m sequence, tlic ^anous ammo acids 
found in protein droU *•'^te^, anel to diicu^^ those a'pcct': of their chem- 
i‘‘tr\ that u ill ha\ c import nice for the Inter sections on protein structure 
and protein iiietaboli‘*ni 

Glycine ('uiuiuncctic acid, XH_CIl 2 COOII) Gljcinc is the simplest 
of the ammo aciiK, a« noted before*, it was di-to\crcd In Braconnot in 
1820 Braconnot kneu th it wood, on acid IndroKsis, pa^c sugar, when 
he treated gelatin m the ••aine wa\ , he obtained cn >‘ta!s w hicli were sweet 
to tlic t istc, and ho therefore calUd the new Kubstance sugar of gelatin 
Siib'cipicnt inM''tigator’s tcrmcil it “gl\ cocoll,’ and m 1848 Berzcliu« 
ga%e gUeme it® pre-ent name 

Cihcmc IS formed from main proteins on IndroKsis, and appears m 
C'-peciallj large proportions ii|Mm the clcnagc of the ‘•clcrojirotcms 
(skelct il proteins) sutli a** colhgeii (from Imlc and tendons) or chstin 
(from ligaments) Gclitm, a protein preparation domed from col- 
lagen, on h\(irol\sis Mclds about 2> grams of ghcino per 100 grams of 
protein The fibrous protein «ilk fibroin, elaborated In the silkworm, is 
c\en riclicr in its gljcinc content (about 40 per cent) 

A number of ‘•ub'titutioii pr<Klucl« of gKcinc are of conBiderablc im- 
portance in liiochemi-tr\ One of the fir^t of these to be dncoicrcd 
w is tlic sub'tancL Inpimnc acid (Cnll-.CO — XIICHiCOOlI, benzinl- 
gbcinc), which wa« I'olatcd from the urine of horses ami of other 
hcrbuoris Ilippuric acid n santliesized in tlie Incr of maimmls, and 
its fonnation n one of in iin examples of the ^‘detoxication” of substances 
harmful to biologic i! s\steins An important substitution jiroiluct of 
gUcine 1- the mnnmmtlnl dinxatixe s\rcosuic (X-nulh\lgK cmc) , it 
li is 1)1(11 reported that this ammo acid is present m an acid h\drol\Mtc 
of a imxlure of arirhin and eoinrnrlim (peanut protons) ‘s^rtosine 
h IS bee n show n to he a constituent of the intib ictcrnl agi nl nctinonn cm 

On treatment with c\anmiide, sircosiiu is coincrtcd to creatine 
(nu tin Iguani<hn(uce tic acid), a constituent of in iinin ill m imiscle In 
and solution, cri itiiii undtrgeHs ring closure, with the formation of the 
int«rnal nn!j\drnii ere itimiu 


M!:CN Mis 


MI — 1 


+ 

t llaMK list OOII 

SarnMU- 


( MI {-MI 

! j I 

( Hi\rH:(()OII ( IhNC HjCO 


On ixhausine imtlnlition gUnne i- tramfonmd to thi trmictliel 
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derivative betaine, (CH 3 ) 3 N+CH 2 COO“, which is a natural constituent 
of plant and animal tissues The betaine content of some plant tissues 
IS appreciable, and beet leaves may contain as much as 3 per cent of the 
compound The betaine content of animal tissues is verj small 
Alanine (a-aminopropionic acid) This ammo acid, like glycine, is 
widely distributed among the proteins, it was first isolated from a protein 
m 1888 when Weyl obtained it from silk Silk fibroin is an especially 
rich source of this ammo acid, nearly 30 grams of alanine may be ob- 
tained after the hydrolysis of 100 grams of this protein 
The isomeric compound /3-alaninc (NHgCH^CHoCOOH) has not 
been found to be a constituent of proteins, but it occurs in nature as 
such (in plant tissues) and as a component of the muscle substances 
carnosme and anserine (p 137) and of the important intracellular agent 
coenzyme A (p 205) The homologous y-ammo-n-butync acid 
(NH 2 CH 2 CH 2 CH 2 COOH), and its isomer a-ammo-n-butyric acid, also 
are found as such in some plant tissues, but thc> are not protein ammo 
acids 

Most of the other ammo acids isolated from proteins may be consid- 
ered to be derivatives of alanine, in which the a-methyl group has been 
altered in \arious ways by substitution 

CH 3 

NH 2 CHCOOH 

Alamne 

Valine (a-aminoisovaleric acid) 
by Gorup-Besanez, from extracts of pancreas Its isolation from a protein 
(casein) hjdrolysate was first achieved by Fischer in 1901 In its chem- 
ical reactions valine is similar to alanine However, it differs from 
alanine in metabolism, since certain animals (eg, the growing rat) 
cannot make valine at a rate sufficient to meet the needs of the organism 
for growth, for this reason it is classified as an “indispensable ammo 
acid” for the immature rat, and must be present in the diet to permit 
optimum growth of the animal (see Chapter 30) 

Although widely distributed among the proteins, valine is not present 
m any of them m large amounts Its isolation from protein hydrolysates 
IS not a feasible preparative method, and for this reason \ aline usually 
IS made synthetically For the available methods for the laboratory 
synthesis of this, and the other ammo acids, see the article by Clarke^ 
and the re\ lew by Block ® 

Leucine (o-aminoisocaproic acid) Leucine is a higher homolog of 
» R J Block, Chem Revs , 38. 501 (1946) 


CHs CH 3 

V 

NH2CHC00H 

Valine 

Valine was first isolated in 1856 
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^alme and is \er> similar to it in chemical properties It was isolated, 
probabh in contiminatcd form, from chtese bj Proust m 1819 and from 
wool (the principal protein of which is the sclcroprotem keratin) bj 
Braconnot in 1820 It is widelj cli-tnbutcd amonp the proteins and is 
cln‘‘'«ificd as an indispensable ammo acid for the growing rat 

For a tunc it was l)cbe\ed that protein hjdroh sates contained 
o-amino-n-caproic acid (norlcucme), but more recent work has shown 
this Mcw to be incorrect’® 

CIIs 

inCHj 
KUsciinCOOH 

ItoIeunM 

Isoleucine (a-ainino-/3-incth>haUric acid) As its name implies, iso- 
kucinc is a structural i«oincr of leucine, and was first isolated from beet 
sugar molasst'. b\ Felix Flirlicli in J903 Like xalinc it is wkIcJn dis- 
tributed among the proteins, but onK in small proportions, and it i» 
ibo t'scntial in the diet of the growing rat 
If one consider^ the fl-incth>I group of alanine ai the “sido-chain” 
group of thib ammo acid, one max sax that the four amino acids alanine, 
xaline, leucine, and I'olcucme haxc hxdrocnrbon side chains From a 
chemical points of xicw, the reactions of all of those ammo acids are 
Minilnr, but in inctahoh*-m the three ammo acids with branched side 
chain’* haxe a ilistinctixe importance «ince x dine, leucine, and isolcucint 
arc all indi'peii'-able ammo iicnk for higher animaN 
Serine (a-aiinno-/3-!ixdroxx propionic acnl) Serine i® a «uh’*titution 
product of alanine in which the side-clmin methxl group has been con- 
xerted to an ahiili itic alcoholic group Iht*- ammo acid was first i*-o]nted 

O 

11 

CHsO-P-OCHsCHsMIj 
CH-OPO4H2 I I 

I on 

MI 2 C IICOOH NH-OHCOOII 

eritarirdiacir I<orj Wnw* 

b\ Cr mitr in 18.">G from the protein «cricin (a gc I ilm-like protein n'-*oci- 
ated with Mlk fihrom m nlk) MU fibroin uNo cnnlam' apjirecmhk 
amounts (ci 11 per ctntl of -rnne, and an tMtIlent inetlifKl i< axnil- 
nbh for It*- i*olntinn from r'llk fibroin bxdroh •* ites Tlie pho*phopro- 
»"ll rt »! 39 251 (|9|5) 


CHsOII 

MljdllCOOH 
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tcins casern (from milk) and vitelhn (from egg yolk) also have a higli 
serine content, and it has been shemn tlmt most of the phosphorus m 
these proteins is linked to senne by ester linkage in the form of phos- 
phoserine^* A phosphoprotem (phosMtin) has been isolated from the 
Mtcllin fraction of egg jolk, vhere it represents about 7 per cent of the 
protein Its high phos)ihorus content (10 per cent) js m approximate 
stoichiometric equnalencc uith its senne content (32 per cent) A 
phosphodiester of senne and aminoethanol lias been identified in turtle 
muscle 

As indicated on p 47, acid hydrolysis of proteins causes some decom- 
position of fecrine, while alkaline hydrolysis leads to complete destniction 
of the amino acid In alkali, senne is deaminated to yield pyruvic acid 

d-NHs 

Senae Pyruvic awd 

A valuable analytical method for the determination of senne is based 
on Us reaction with periodate This reagent causes the cleavage of 
carbon-carbon linkages if both carbons bear hydroxyl groups, or if a 
hydroxyl group and an ammo group are on adjacent carbons On treat- 
ment with periodate, senne yields glyoxylic acid, formaldehyde, and 
‘imraonia, while the penodate is reduced to lodatc In the quantitative 

CHiOH CHO 

j d- HIO4 1 d- HCHO d- NH3 d* HIO3 

NHaOHCOOH COOH 

estimation of senne, either formaldehyde or ammonia is collected and 
determined 

0-AcyI and N-acyl dcnv'^ativcs of senne exhibit the interesting prop- 
erty of "acyl migration," with the formation of an intermediate oxazohne 
derivative This behavior is related to the fact that, upon hydrolysis of 
proteins with concentrated acid, the a-ammo group of senne is among 
the first to be liberated ** 

O CH2 

HOCH 2 _ / _ RCO-OCH 2 

+NH3iHCO— 

NH— CHCO— 

+ 

N Acyl derivative OmkoLiw denvative O Acyl derivative 

Agfen ct al, Ada Chem Scand, 5, ^4 (1951) 

K Mecham and H S Olcott, J Am Chem Soc, 71, 3070 (1949) 

13 E Kobert*! and I P Lowe, J Biol Chem, 211, 1 (1954), E E Jones and 
D LipXin, J Am Chem Soc, 78, 2403 (1956) 
u p Desnuelle and A Casal, Btochtm et Biophys Ada, 2, 64 (1948) , D E Elliott, 
Biochetn J , SO, 542 (1952) 


CHjOH CHs 

NHjCHCOOH O=i~C00H 
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Scrmc liiis been found to be n conctiluent of tno interesting groutb- 
inbibitorj sub=tnnccs produced In certain molds One of tliese is 0-dnzo- 
ncot\ Ferine (nzaserintl ind tbe other is d-ailiino-S-lsoxnzobdonc 
(cjcloscrine, oxanncin) 

Clle— 0 

CIIsO— COCHiN- \ 

I NH 

NH.CHCOOH / 

MTsCII—CO 

0-I)iszoarrt) U«nn« 4 \ininr>>,%L<oxaioliilono 

Threonine (o-nniino-^-liidrovibut\ric ncitl) Tlirconinc is a higher 
bomolog of serine, and shares inan\ of its cbenlical projicrtlcs itb 
jicriodatc, threonine gi\ es ncetaldehj de in place of forimldchj tic Threo- 
nine IS nidcl} distributed among the [irotcins, hut it tisiiallc represents 
CHj 

I Clio CIIj 

IK OH -F IIIO, I -FI -F NHa -F IHOs 
I COOII CHO 

NIIjCIICOOII 

Tlirf*jmne 

ft small fraction of tlic amino aci(N forinc<l on hj droh Like senne, 
threonine is unstable in alkali The <li*co\en of threonine came in 1035 
«hen Rose isolated it from h\drot\sfttes of fibrin (a protein formed Vihcn 
the fibrinogen of blood plasma i« alloucd to clot) Rose UN as led to the 
discoNcrj of thi« ammo acid b\ the fact that protein h\drol 5 sates caused 
better growth of immature rats than did a mixturt of all the amino acids 
Knoun at that time to be os«entnI for tht organism B\ careful and 
laborious fractionation of the fibrin li\drol\ itc, and parillcl testing of 
the fraction" for their growtli-jiroinotmg nctl^Jt^, it wa" iio^^ililo to 
I'ohtt tilt new imli-pcn' ihle imino acid, its "trurtnr( w i" thin c^tab- 
li'-lud b\ degr Illation and b\ 

Cyitclne (rt-amino-/3-nKrc iptopropionie icid) Tin-* «idfur*cont'iming 
ammo and i" c!o»cl\ rthted ‘•tnictiiralK to "irini Althmigh it i"* fairh 
certain tint cs^-ttiuc !*• pri'tnt m iinn\ protein", tbe r\*‘tiint cmnot bi 
i^olnteil n- "uch aftir bNdroh‘*is in tliL uvaal nnnnir There appear" 
instead an o\uhtion product of c\"lcint, tht ammo and c\*tin( 

rilsSH cih — s — S— OH; 

‘MI-lflKOOH Mhf^IirOOH MIzillCOOII 

Di-pitt tin dilfiniltt in tin lool ition of tin cj^ttim from proti in 

«>( ( ‘‘fork rl n1 \rtfurr 173 rtd'tzl) 

>*! \ Kii.hl Jr Mat J thnn ^ r/*, 77, 2311 < I'tVi) p n HhU n nl, 

\hui 77.2315 (P',' 
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hydrolysates, it is clear that the SH (suUhydryl) group of this araino 
acid IS present in intact proteins Manj proteins ^\hich yield c>stine on 
acid hydrolysis show a distmctne red color with sodium nitroprusside, 
Na2Fp(CN)5NO, a sensitive reagent for suUhydryl groups 
Cystine is of exceptional importance m the history of the protein 
amino acids In 1810 Wollaston isolated cystine from urinary calculi 
(Latin calculus, pebble), it was not until 1899, howe\er, that cystme 
was obtained by Momer from a protem hjdrolysatc The proteins 
Morner used the sclcroprotems such as keratin of the hair, are espe- 
ciallj rich sources of cystine (ca 12 per cent m human hair) Cystme 
IS easy to isolate because of its low solubility m neutral solution, thus 
the ammo acid will precipitate when an acid hjdrolysate of keratin is 
neutralized with alkali Evidence is at hand to show that the cystme 
found in keratin hydrolj sates did not arise secondarily from cysteine 
in the course of the hjdrolysis Cjstmc must be numbered, therefore, 
among the protem ammo acids Insulin is another protem that is un- 
usually nch m cystme, and the integrity of the disulfide linkage of cystme 
in this hormone is essential for Us biological actiMtj 
The oxidation of the suUhydryl group of cysteine to the disulfide group 
of cystine is readil> efTccted by atmospheric oxygen if traces of metal 
ions (eg, cupric ion) arc present The oxidation of c> stems to cystine 
18 also effected by lodme in acetic acid, by ferncjanidc, and by o-iodoso- 
benzoic acid On treatment of cysteme w ith bromine w ater, the oxidation 
goes be>ond the disulfide stage, and the sulfhjdr}! group is converted to 
a sulfonic acid group, with the formation of cystcic acid Cysteic acid 
may be formed from cystme by treatment with pcracids such as pcracctic 
acid (CH3COOOH) On dccarboxjlation, cj‘?teic acid gives taurine, 
a substance found m mammalian bile m the form of a condensation 
product with a steroid, choUc arid (p 032) Intermediate stages m the 
CH2SH CH2SO3H CH2SO3H 

NH2CHCOOH NHsinCOOH ^HzNHs 

C>ateuM! Cy*t«ic sad Taunne 

oxidation of cysteine to cysteic acid are cjsteine suUenic acid (R— SOH) 
and cysteine sulfinic acid (R — SO2H) 

In analogy with the behavior of serme m alkaline solution, both cjstme 
and cjsteine are readily decomposed under these conditions, with the 
formation of pyruvic acid, ammonia, hydrogen sulfide, and sulfur 
In aqueous solution, a disulfide may undergo reversible cleavage to 
a sulfenic acid and a sulfhydryl compound {RSSR + HoO-^ RSOH -f 
RSH) If tw o disulfides (RSSR and R'SSR') are present in a mixture, 
acid treatment can lead to the formation of a new disulfide (RSSR') by 
'‘dibuifide interchange ” 
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On treatment ^^lth organic halogen compounds, cjsteinc is con\ertc(l 
to S-nlkjl or S-ar>I compounds, depending on tlic nature of the reagent 
CH2SH CH2SU 

I +RCi-» 1 +nci 

NH2CHC0011 NH2CHC00H 

It is of interest that when substances sucli as hromohenzene are given 
h\ mouth to a dog tlicj appear m the urine as S-nrjl derivatives of 
cv'-tcine, in winch the n-ammo group has been ncetvlatcd Compounds 
of till** tv pc arc termed mcrcaptunc ncid«, and the product obtained after 
bromobtnzcnL ndmini'^tration i" p-bromophenv Imtrcapturic acid Tlic 
formation of mcrcaptunc acids innv be considered another csample of 
metabolic detoxication 


CII; 




CHaCO— XHCHCOOH 

p-tlrDmorb«o}lin^r(«t>tune •flil 

Two valuable reagents for cjstcinc and other sulfhvdrjl compounds 
are p-ch!oroim.rcunbtnzoic acid and X«otb>)mnlciinidc 

“"Ooo--"“Ooo--- 

^CUoromprmnbroKwt* 

CII-CO 


liSH + 


BSIl + 


NC3II5 


\ 

iN 

UII— CO 

\ 1 lh>liruilrimi>i>‘ 


RSCll— CO 

\ 


CUz—CO 




The Milfhvdrvl group of cv«ttint nn<l of it<» dcrivativi-* mav he nev Intcd 
to form thiol t'-tcr- (It''^COU') Tliiol t'tcr- art rtadilv hvdrolvrid 
l>v ulkah uid ar( rt ictivi acv hting agent*-, (htv occupv an important 
pi ice in iiutahoh>'in m rel ition to the action of cocnzvmt A (p 205 ), of 
Iipoie acid (p 30 (»), md of ‘•luiit tnzMius (Chapter 12 ) 

Whin c\^t(:m rt ict*- with form ddthvdi, thiazohdinc carhowhc acid 
I" forinul, nnnv otiur nhhlivde*- met vxilh cv'-timo in a Minilnr manmr 


f II-SII ( Hs-s 

I I X Ms 

( IlMIj + IICIIO — CH— MI + H2O 

0011 ( OOII 

Tlusa-Jt 1 1 )» ««r{ t)t< 


The mction of cv-lntu with nld(hvdc« n*'urm-<l griatir iinpo-tancc 
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horaocystine are not constituents of proteins, homocysteine has been 
shoivn to be an important participant m metabolic reactions mvohmg 
methionine, which is an indispensable ammo acid for the growing rat 
Aspartic Acid (arainosuccinic acid) This acid was first isolated from 
a protein hydrolysate by Ritthausen in 1808, he showed that the proteins 
of plants yielded rclatnelj large amounts of aspartic acid on hydroly- 
sis Aspartic acid had been known for a long time previously, however, 
since its ^-amide, asparagine, had been isolated from asparagus juice 
b> Vauquehn and Robiquct in 1806 and the free acid had been pre- 
pared bj Phsson m 1826 The monoamide maj readily be converted 
to the parent compound by acid hydrolysis 

CO-NHa COOH 

inj +H20-* ine +NH3 

NHj<!;HCOOH NH.iHCOOH 

AfparsRiae Aipartie aetd 

Asparagine not onlj exists as such in plants, wliero it appears to serve 
as an important reserve of nitrogen, but has also been isolated after 
the hjdroljsis of a seed protein (edestm) bj proteolytic enzymes 
Glutomic Acid (o-aminogiutanc acid) Glutamic acid is tlie next 
higher homolog of aspartic acid and, like it, is present in largo amounts 
m the hjdrolj sates of plant proteins It was discovered hy Ritthausen 
in 1866 Some of the seed proteins, especially the prolammcs, >ield 20 
to 45 per cent of glutamic acid on hydrolysis Glutamic acid may be 
isolated from acid hydrolysates of proteins as the hydrochloride, which 
IS sparingly soluble m hydrochloric acid 
In the variety of its knowm metabolic functions, glutamic acid is 
outstanding among the protein ammo acids, this substance participates 
in many important chemical processes in plants, animals, and micro- 


organisms 


COOH 

CO— NHs 

j 

1 

' CH2 

j 

GHz 

GHz 

j 

CHs 

1 

1 

NHzCHCOOH 

NHzCHCOOH 

Glutamic acid 

GluUtmioe 

Of particular importance m metabolism is the y-monoamide of glutamic 
acid, glutamine This compound is present in appreciable quantities in 
plants and is commonly isolated as such from extracts of beet roots It 


has also been obtained after the enzymic hydrolysis of plant proteins 
Furthermore, giutaramc has been identified as an important constituent 
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of tiic blood and of nnimal* A a nluablc sumnnn of the Iitcr'iture 

on glut'iminc up to 1945 nn\ be found in the rc\icu b^ Arclubnld -* 

\n important ililTcrcnec in the clicniical beliiMor of plutunme nnd 
a«p irnRine is ob':cr\c(I ulicn the two nre heated in aqueous solution 
Glutamine I*: rcadil\ transfonncel into p\rrohdonc carboulic aeid, 
wlicrc is asparagine is not afTectc<l b\ tlii** treatment The deamidation 

CIIsCO— XHs CO — CH- 

1 I 

CH2 CII 2 + XHa 

xn-ilicoon XII— CHCOOH 

Glutaminp I \TfoIi<lon^ rarlioi>lie 

of glutanunc for of a«parigine) ma\ readil\ be follow ed b^ one of the 
sc\cral modifications of the Coim la inicro-dilTu-ion tcclinique, NII^ is 
Iiberiteil from the imide in the outer well of a “Conwaj ^C'sel" and is 
lb-orbed b\ --tand ird acid in the center well of tlic ^ c-«cl 
A number of interesting deruatiaes of plutamic acid lm\e been 
found in nature ^c\crnl t\pe- of plant ti«-uc are known to contain 
/•mctli\ Icneglutanuc acid, a® well a« it« /*amide*' VNo, a suli-tance 
which 1" pre-ent in 'ced- of the sweet pci {I athyni^ odoratin), and whicli 
produce- ‘•kelctal almornnlities in rits (lath\risin), ha« been sliown to 
be ^-(/-glutam\l)amiiiopropionilrile*‘ 

CH2=C— C OOH CHsCO-XHCHsCHsCX 



Xlfot HCOOII XH-CHCOOII 

7 IrnrYlulsmir an 1 {v*ei »i*Tn}l)tmin<3pmpK>nitnl»* 

For a tinu 1- wa- behtiid that /J-!i\dro\%gIutamic acid wa® a protein 
ammo and, hut tin- Miw In'* bun abandoned in the light of recent 
w ork 

lyilne (n c*di iniinocai»roic acid) b^-mt wa«! fir-t isolated in 
from a ca-ein h\<lrob-itc b\ Drech-cl It 1- a wjdcK eh-tnlnitc'd ammo 
and and oecur- in the IiMlroU-atc- of eoinc pnitnn- (e g, gelntm, htmo- 
glohinl in iiKxleratde high projiortion' On the other hand, jirotein- 
are known (e g rein) lli it aield no iiu 1‘^urahh epiantitu- of l\-ine 
In the 1 olatmn of i\-me from pndein h\drol\ - ite a«i\ int ige ma\ he 

s»Il M \rrJ.il.iM rAfi. Ifif 3T I6t (I'll'*) 

'*‘1 J ( «inKT\ t/»r non -tiati/ i» rn / 1 fttumr /nr f rmr I> \ nn NcHlraa-l 

C«>, I’rinrr'on N J, pMo 

Din. anU I.iwiJ n /..Wrn SI, I tl" .21 

"‘I D ml I M J in Clrn "-.k- 7f, gsjs (I'd) 

-U 1 D nt m l D I I.mf.r SA, 51 (ia.,|) 
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taken of the low solubility of its salt ttith picno acid (2,4,6-tnintro- 
phenol) 


CH2NH2 

I 

GHz 

k 

NHodiHCOOH 

Lime 


CH2NH2 

I 

CHOH 


CH2 

I 

CHj 

NHatllHCOOH 

HydK>s>l>'sine 


Hydroxyiysine {a,e-dinmino-8-h>dro\jcaj)roic acid) Iljdioxjljsine is 
a recent addition to the list of protein amino acids, liavmg been demon- 
strated m gdatm by Van Sljke in 1938 Its identification came from 
the application of the periodate oxidation method (discussed previously 
in connection with serine and threonine) Hjdroxyljsine has been found 
only in hjdrolysates of collagen and gelatin (the h> droxylj sine content 
of these proteins is about 1 per cent), and it would appear, therefore, 
that this ammo acid has an extremely restricted distribution"® 

Arginme (a-ammo-S-guantdmovalcric acid) Arginine was first iso- 
lated by Schulze m 1886 from lupin seedlings, and ten jears later Kossel 
showed that the basic proteins of cell nuclei (protamines and histones) 
jield large amounts of this ammo acid on hjdrolysis Certain prota- 
mines (eg , clupein, the basic protein from lierring sperm), upon hjdrolj- 
sis, yield as much as 80 to 90 per cent of their ammo acids in the form 
of arginine, and most other proteins also contain considerable quantities 
of this ammo acid 

CH 2 — NH—C—NHa 

i !I 

CH> NH 

k 

NHainCOOH 

Arginme 

Arginine forms spannglj soluble salts with a vanetj of aromatic 
sulfonic acids, and one of these, fiavianic acid {2,4-dinitro-l-naphthol- 
7-sulfomc acid) is espeeiall> useful for the precipitation of arginme from 
protein hydrolysates It may be added that the ability of sulfonic acids 
to precipitate ammo acids is not limited to the instance cited above The 
work of Bergmann, Stem, and tlieir associates has shown that all the 
known protein ammo acids form sparinglj soluble salts with some but 
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not all aromatic sulfonic acids tested Thus leucine gl^es a precipitate 
uith /?-naphtlialenc«ulfonic acid, and «cnnc ma\ be obtained in the 
form of a spannglj soluble ‘•alt of p•h^d^o\^nzobcnzcnesulfonlc acid 
Bj taking ad^antngc of the difference^ in the solubiliU of tbc salts of a 
Ri\cn sulfonic atid A\itb the amino acid" pre-ent in a protein li\drol 3 sntc, 
indiMdunl ammo acids imu bo isolated from the IndroUsate in a high 
state of purit\ 

On treatment \Mtb an c\ce"" of boiling alkali [eg, BafOHlo], ar- 
ginine ]« conNcrtcd to urea and o5-dinimno\nlcric acid (ornithine), the 
next lower liomolog of hsine Ornithine is not found in acid Indrolj- 
satcs of proteins unless the protein has been treated beforehand witli 
alkali, its occurrence in alkaline hxdroKsatcs is due to the decomposi- 
tion of the preformed argmino \\hen arginine is treated witli an equi- 
molar quintit\ of aqueous alkali, tlic ammo acid citrulbnc is formed 
Citrulline dots not apjicar to be a con‘-tituent of proteins Imt lias been 
isolated IS "11011 from watermelon juice The preparition of ornithine 
»nd eitnilline has been d(."cribcd b\ H iiiiilton and Andcr&on 


MIsCONII- 
Nils 

(iiish J 

XHidllCOOII 

Orniiliiry« 


XIIj 

Uu 

- - 

xn-incooH 

ArcinitM* 


XH- 

(Uo 

I 

■ XH + XH3 

((1 :h 2)3 

XHjCHCOOH 

C>trulliiy> 


Arginine "oUition" gi\t a red color upon tnatment with a-naphtbol 
and ‘•o<liuni b\pocb!oritt (NaOCl) Thi" reaction, U"ualK tenned tiu 
Mk iguchi n iction, i" <iui to the prc'dici of the guanidino group, "ince 
argmine i" the onl\ jirottin muno and known t») contain tlu" group, tbc 
^ikigncbi reaction iui" been U"<d to (-liiiiate the nmoimt of arginine 
prc'cnt in protein b\ flroI> "atO" 

Arginine i" feniiid m the muscle " of "oinc inacrte brate " m tbc fonn of 
its pho'‘jib()ric aciel eleri\ati\t, argimm pbospli itc (or pbosjdioargimnt) 


Nil OH 

‘ I 

\n-(— Mir o 
I I 

(( H:)3 oh 

I 

\H:( IK OOH 


Crxitkita* I !»<r| IaI- 


XH 

I' 

XH-( — NH; 

< H3 (^113)3 
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Iloorc HMI( IICOOH 


' I* 11 «nl It \ \ti}r-r"r,*i /7i 3 O'! ICO (|ai3) 
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An interesting derivative of arginine, found m the muscJes of scallops 
and other marine invertebrates, is octopme It will be noted that in 
octopine a molecule of argmme and a molecule of alanine share a nitrogen 
atom 

Another naturally occurring substance related to arginine is the 
hydroxj guanidine dcmatnc canax'anme, found in jack beans®® The 
guamdmo group of cana^anme may be cleaved with the formation of 
urea and the ammo acid canahne 
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Among the other poljammo compounds found in nature are the sub- 
stances spermine and spermidine, which occur in \anous animal tissues, 
but are especialJv abundant m human spermatozoa (0 26 g of spermine 
per 100 g of spermatozoa) 


NH2(CH2)3NH(CH2)4NH(CH2)3NH2 NH2(CH2)3NH(CH2)4NH2 

SpcrmiQc Spernudioo 

Histidine (c-amino-/J-imidazolylpropionic acid) Histidine was first 
isolated in 1896 by Kossel from sturin (tlie protamine from sturgeon 
sperm) and bj Hcdin from the hjdrol>satcs of fcc\crnl proteins It is a 
widcl> distributed ammo acid, is present in comparatnelv large amounts 
in acid lijdrolysates of hemoglobin, and may readilj be isolated b> pre- 
cipitation with cither mercuric clilonde or 3,4-dichlorobenzencsuIfonic 
acid The presence of the imidazole nucleus permits the use of diazoben- 
zenesuUonic acid, which gnes a red substitution product with imidazoles, 
for the colorimetric estimation of histidine This reaction was first 
applied by Pauly m 1904 and is usually referred to as the Pauly reaction 
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On decarboxylation, histidine gives rise to histamine, a powerful vaso- 
28 W R Pearon and E A Bell, BwcActa J 5% 221 (1955) 
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(Iiintor, nlucli I"! present in nnn} nnimil (is«iic« (lunp, muscle, etc ) nnd 
in hlood 

On trcntnicnt uith forIU'lldch^r^e, histidine is con\crtc(i (o a stable 
compound in uhicli tlic added inctlnlene group links the a-animo group 
and one of the CII groups of the imidazole ring, as sliOT\n The iinuhzole 
Nil group ma^ he acjlated to \ield a inonoicvl dcri\ati\e, compounds 
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of this t\pe (eg, ncct> liinidazole) arc rendiK hjdroljzcd b\ water and 
arc rc'»cti\c ac\l'itmg agent®-' 

l-Mctl^ Ihi^tidinc i® a constituent of the muscle substance anserine 
(p 137) , tin® mtth\latcd ammo acid and the isomeric 3-mcthjlhi®tidine 
ha\e I>een identifud in human urine 
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An interesting de rn ati\ c of hi'-tidine, found in ergot and in m nninalmn 
blond, 1 ® ergolliionemc, the tniiuthalbetaine of thiolhi®tnlinc rrgothio- 
nime In® been di'Co\ered in rclnti\tl\ large amount® (about 75 mg per 
KK) g) in ®em]nal fliiKi 
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Phcuylolonlne (n ammo /t*pb(n\Iprn]uotur ami) Phcnvlahninc i® a 
ripn »niiiti\t of tin protnn annuo acid® wlarb coat im an arom itic ring 
i® p irl of ila ir ®tnirturi It w t® fir®t i-ol ittd from n itiir il ®ourri ® (lupin 
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seedlings) b> Schulze in 1879, and has since been shown to be present m 
the hydrolysates of proteins, although not in large proportions The \\ ork 
of Rose has sho\\n phenylalanine to be an indispensable component of 
the diet of immature rats 


OH 



NH 2 CHCOOH NHoCHCOOH 

Pheny lalanitt« T> rosinp 

Tyrosine [a-amino-)3- (p-hydroxyphenyl)propiomc acid] Tyrosine 
was discovered by Liebig m 1846, in the course of a study of the alkaline 
degradation of casein This amino acid is widely distributed among the 
proteins and may readily be isolated because of its low solubility in 
neutral solutions 

The presence of tyrosine in a solution may be recognized b> means 
of 8e\eral color reactions When an acid solution of tjrosme is treated 
with concentrated nitric acid, a white precipitate appears w’hich, on being 
heated, becomes yellow , llic addition of alkali deepens the color appre- 
ciably This test, known as the xanthoproteic reaction (Greek xanthos, 
yellow), imoKes the nitration of the benzene ring and the formation 
of derivatives of nitrophcnol On treatment of tyrosine with a mixture 
of mercurous nitrate and mercuric nitrate m nitric acid, a white precipi- 
tate IS formed which turns red when the mixture is heated This is known 
as the million reaction and is due to the formation of ltd mercury com- 
plexes of mtrophenol derivatives The Rlillon reaction is not specific for 
tyrosine, but is given by phenols generally 

An oxidation product of tyrosine of metabolic interest is 3,4-dihydroxy- 
phcnylalanme (sometimes tenned “dopa”) 



NH2CHC00H NH2CHC00H NH2CHC00H 


3 4-Diliydro*yphenylaaamne 3 5-Diiodotyit»in« 3 5-Dibromotyrosme 

Treatment of tyrosine with iodine in alkaline solution gives rise to the 
formation of 3,5-duodotyrosine This lodmated ammo acid was found 
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bj Drcchscl m 1S9G n« n product of the nlknlinc hjdroKsi': of the hom\ 
«kcIcton of the coni Gorgonm carofinn, nnd the name lodogorpoic acid 
uas n«'*jgncd to it Tin*! amino acid is however, widclv distributed in 
nurine orpuii«m=, and for tin** reason, among otiicrs, the tenn diiodotv- 
ro»ine is to be prcfcrrctl In some coraK, diiodotvro-inc is accompinicd 
bv the corresponding ddiromotvrosmc 
Diiodotvrosine al'O occurs in the mammalian thjroid gland, where it is 
found in assoiiation w ith the important hormone thv ro\inc (a constituent 
of tlic protein tliv roglobulin ) nnd w ith inonouidotv rosme (3-iodotv ro'ine) 
A tniodo derivative of thjrount has been discovered in thvroid ti-nie, 
this compound (3,j,3'-triiodoth\ ronine) appeirs to be more active 
biologic vlh th vn is tUvroMne itself Iht noniodinatcd ammo acid 
derived from thjro\me i*? termed thvronme The hormonal properties 
of thvro\inc will be discussed in Chiptcr 38 
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The Milfuric acid e*-t(r of tvro'inc (tvrosme-O-sulfnte) has been ob- 
tained niion jiirtnl bre jkdown of the protein rihrinogen,^’ and has been 
i-^olnted from Imman urine” 

Tryplophon (o- imino-/!f-indolvIpropionic ant!) Trvptophui w is di— 
ro\er(»l m 1001 bv Hopkins and Cole In 1871 Adamkiewicz had ob- 
Krv(d that, when certain proteins vecre treited with glacial arctic acid 
follower! bv court ntr itcd sulfune acirl, a violet color re-ulted Hopkins 
anti C r»h s}|()\McI that the rr action was iltit to glvowlic icnl prt'cnt a* 
an inipuritv in the aettir and. and proreaded to frutinnito pnite m 
h\droU‘itts 111 onhr to i-rdite the inatend re ‘iMm-ihle frtr tin color 
re irtion now freapnntlv ttrmu! (lu Hopkins Coir re iction As min- 
tionr^l prr\iou*lv, trvptophui i' ehstroverl t>n and h\rlrolv-i», Hopkins 
nnrl ( oh prepare rl thoir protein hvdrolvMtr hv mhjfctuu, cas* m to pro- 


3‘1 U im.iifittj J tm r/rrft w, 7fi 2sas (lieu) 
*-H 1! T«IUne-t»Ly />.>f t/e*n, 217. 7(0 (la^.,) 
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longed action of the mixture of pancreatic enzymes then called “trvpsm ” 
The nei\ ammo acid 5vas precipitated from the enzymic hjdrolysate bj 
the addition of mercuric sulfate The name “tiyptophane" had been 
.ibsigned in 1890 by Ncumeistcr to an unidentified substance that T\as 
present in trjptic hjdrolj sates of proteins and ga\e a red color Mith 
chlorine water (a coloi reaction that had been found by Kuhne to be 
given bj indole) Since the material obtained by Hopkins and Cole also 
ga\e a red color with chlorine water, they retained the name proposed by 
Neuraeister, more recently, it has been generally agreed to drop the 
final “c ” Although try’ptophan is a general protein constituent, it is 
not present m any protein in appreciable amounts 



Another colorimetric test for tryptophan m\ohcs its reaction with 
xanthydrol to form a colored dcn\ati\c whoso structure has not been 
established 

Prohne (pyrrolidmc-2-carbox5dic acid) Prolme was first isolated 
from a protein hjdroljsate (casein) b> Emil Fischer in 1901 It is a 
widely distributed amino acid and is present m cspccialh large propor- 
tions in gliadin, zein, and gelatin Prolme is the only one of the protein 
ammo acids that is soluble in alcohol An excellent method for the isola- 
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tion of prolme from acid hjdrolvsatef. of gdatm has been described bj 
Bergmann, who developed the reagent ammonium rhodanilate for this 
purpose This reagent belongs to the group of chemical substances sotne- 
M S R Dickman and A L Crockett J Biol Chem 220, 957 (1956) 
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tunc- referred to as “Werner complexes” since tlie\ ucrc first studied 
‘5\stonnticall\ bj tlic chemist Alfred Werner during the period 1900- 
1920 The rhodinilitc ion forms a “paringK 'oliibic salt with proline 
in acid solution, and tlic prolmc rhodnnilatc mn^ therefore be olitaincd 
in good \ icld 

\s indicated earlier, proline does not react with nitrous acid to liberate 
nitrogen g»‘*, in'-tead, in N-nitrO'O <Iemati\c i-s formed which is solulile 
in organic «ol\cnt« Tlii« reaction has been u«cd for the determination 
of the proline content of protein ludroK sites®* 

Pipecolic icid (piperidinc-2-carbo\jlic ncid), 5-Ii> dro^^ pipccolic acid, 
and baikain (A■*•dch^droplpccollc acid), all cIo'^cK related to proline in 
••tructurc, li.iie been I'-olatcd from plant ti«Mie> “* \nothcr c>clic amino 
acid fouml in phut" i*- a 2 ctidine- 2 *cirbo\\lic acid,®'' it is of interest 
that, wlicn n‘-paraginc is heated to 100“C at jdl 07, it is con^erfcd to 
tlic related compound •}-carho\'j-2-azetidinonc ®* 
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Hydroxyproline ( }-hMlro\i p\rrolidint- 2 'C irbow lie acid) Ilnlrow- 
proliin wa** fir-t i-<il itcd from n g( I itin hadroh -ate b\ I i‘‘clicr in 1902 
rill' (iininn acid h !•< t hmitid di'^tnlmtion iniong the protein*:, hut is 
futind in r« 1 itiMl\ 1 irgi anuMints m gil dm (cn 1 1 pi r ctnt) It- i-oia- 
tion from prottin h\«!rob-atts i- dilTiruIt, but Htrgminn found thd, 
nfttr rtnioi il of proline a- thi rlitxianihdi h\ dro\> pniliiiL could lx 
prt cipil itc<l IS a •■piringli sohible -tit of aiiothir Werntr complix, 
tirnui! aminonium Kuiurkatt 

H Hniniltfin nti'l I’ J Orijr J /hoi ini.WC (ia.,0) 

I Mnmvin y. IS 471 I J KmettaUJ Chen 

I')30 a.io \ (.r..! »i «L NWu , 175 Toa (1 “k'.) 

2M Ifm.l.n J.(>% “CT (I'*/;) 

* 1 \ n al J 4m Clm •->/• TB isr/. (jay,) 



70 


GENERAL BIOCHEMISTRY 


longed action of the mixture of pancreatic enzymes then called “trypsm ” 
The new ammo acid was precipitated from the enzjmic hjdroijsate by 
the addition of mercuric sulfate The name "tryptophane” had been 
assigned in 1890 by Neumeistci to an unidentified substance that was 
present in tryptic hydrolysates of proteins and gave a red color with 
chlorine water fa color reaction that had been found by Kuhne to be 
gnen bj" indole) Since tlie material obtained by Hopkins and Cole also 
gave a red color witli chlorine water, they retained the name proposed by 
Neumeisttr, more recently, it has been generally agreed to drop the 
final ‘‘c ” Although tryptophan in a general protein constituent, it is 
not present m any protein in appreciable amounts 
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Another colorimetric test for tryptophan in\ohes its reaction with 
xanthydrol to form a colored dernatne whose structure has not been 
established 

Prohne (pyrrolidine-2-carboxyhc acid) Prohne was first isolated 
from a protein hydrolysate (casein) by Erail Fischer in 1901 It is a 
wideh distributed ammo acid and is present m especnlly largo propor- 
tions m glndin, zein, and gelatin Prohne is the only one of the protein 
ammo acids that is soluble in alcohol An excellent method for the isola- 
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tion of prohne from acid hydrolysates of gelatin has been described by 
Bergmann, who de\ eloped the reagent ammonium rhodanilatc for this 
purpose Thib reagent belongs to the group of cliemical substances some- 

33 s R Dickmao and A L Crockett, / Siol Chem 220, 957 (1956) 
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tunes referred to n*- “Werner complexes” «ince tlJC^ nerc first studied 
sjstcnntic'ilK In tlic clieinist Vlfrtd Werner during tlic period 1900- 
1920 The riiod mil ito ion forms a spmngh soluble stII ^Mtl^ prolinc 
in acid solution, and tlio prolmc rhodnnilatc innj therefore be obtained 
in good % leld 

As indicated earlier, prolinc dots not react uith nitrous acid to liberate 
nitrogen ga**, mete id, an X-nitro-o dernatue i« formed uluch i& soluble 
m orginic ‘■ohent* Tins rciction has been u^cd for the dctcnnination 
of the prolinc content of protein In droh sates 

Pipecolio acid (pipcridinc-2-carbo\\ lie acul), 5-Ii>dro\\pipcco!ic acid, 
and baikain (^■*“doh\dropipccolic acid), all clo*‘Cl\ related to prolmc in 
•■tructure, ba^e been nolated from plant tiv^ucs'*' \nothtr c>clic amino 
acid found in plant** n azctidinc-2-c irboxj lie acid,'**' it is of intcrc-t 
that, when n«piraginc is licatcel to 100® C at pH 6 7, it is con\crtcd to 
the related compound •l-carbo\j-2-azctidinonc ■*' 


Xih 

1 1 

HjCl. 1 ^^aiCOOH 

H 

^CIICOOH 

H 

npmttf tcU 

BttUla 

aij 

HjC aiCOOH 

H 

oc^ ^cHCoon 

H 

Ar«bdin«*3*nrfaox7bc 

»cid 

4 ' Cvbmj • 3 ' t/rtMinoo* 

«rt»5T7lie »nd> 


Hydroxyprohne (*l-In»lrt»\\p\rn)lidine-2-rarbo\\hc acid) II^dro\^- 
proluK w »«« fir-t i»«il it(d from a gditm Indrolt-au h\ I i^rher in 1902 
Ihi>> tnniio Kid h i** i limited dt*tribiilion among the protein**, but is 
found in rtl ilui I\ I irge amount'* m gi I itin (ca 11 per ci nl) Its i*oH- 
linn from protein liMlroK- ite*. iv difiiciilt, bnt Ilcrginann found that, 
after rtmo\nl of proluu a** the rliod mil Ue , h\^lro\^I)rolme could In 
pnripitiHel IS a ••iiiringb Mdiible dt of inotber Werner complex 
ttriixil nmmomum Ibimekite 
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- I’ 1 X!ofii.->n lluyfhfn 'S, -171 (lOkl), I ! Kins f I nl J Cfrtn Soc, 
1930, O./'O N rt nl Xrtftirr 175, TCCl (ia/») 

S'l I.m.l.n horfrn J^f,i 123 (I'ty,) 

* I \ T«1I % M nl J (frtft TO (JO/*,) 



72 


OH 

CH- 


-CHs 


CH2 CHCOOH 

V 

H 

Hydroxyproliiu 


SENERAL BIOCHEMISTRY 


NH4+ 


AmmoDsuoi Beineckata 


I 

THa ■ 

NCS 

SON 

\ 


Cr 

/ 

\ 

NCS 

SCN 

L J 

THs . 


Some Apphcations of Ammo Ac?d Chemistry to Protein Analysis 

In the course of the preceding discussion, reference has been made to 
a number of color tests ■Rhich arc characteristic of the side chains of 
various amino acids These are the nitroprusside test (sulfhydrj’l groups) , 
the Sakaguchi reaction (guanidmo group), the Pauly reaction (imidazole 
ring), the xanthoproteic reaction (phenols), and the RliUon reaction 
(phenols) Most of these reactions are also given b> proteins 'oluch 
jield the appropriate ammo acids on hjdrolysis®® This maj be taken 
to indicate that, in the unhydroljzed protein, the side chains of these 
ammo acids are not so substituted as to make them unavailable for 
chemical reaction with these reagents These color reactions have been 
used in qualitative tests for proteins in natural materials Some of the 
reactions have also been used to good advantage m attempt*; to studj 
proteins in intact cells Of special interest m such cytochemical studies 
IS the use of ultraviolet absorption spectroscopj for the determination 
of protein concentration in cells and tissues In view of the importance 
of spectrophotometne raoasuroinents m biochemical studies, a brief dis- 
cussion of the pnnciples involved is desirable 
The absorption of monochromatic light b> a solution ma> be described 
bj Beer’s lav, vhieh states that the absorbance, A, or absorbancy, At 
(formerly termed optical dcnsit>, d), of the solution is given bj the 
expression log (/o/f)> where Jo is the intensity of the incident light, and 
I is the intensity of the emergent light The specific absorbance, k, or 
absorbancj index, a, (formerij termed absorption coefficient or extinc- 
tion coefficient, E), is defined as A/cl, where c is the concentration of the 
absorbing material in grams per liter, and I is the distance (m centimeters) 
traveled bj the light through the solution If one wishes to express the 
light absorption in terms of the molar concentration of the absorbing 
material, the molar absorbance, c, or molar absorbancy index, an (formerlj 
termed molecular extinction coefficient, Bmoi), is given bv the equation 
38R M Hemott, Advances in Protein Ckem, 3, 169 (1947), H S Olcott and 
H Fraenkel-Conrat, Chem Bets , 41, 151 (1917) 
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c — / uljcrc M IS tlic molecular weight If tlie ^aluc of A or of c 
at \ar]ou‘! wa\e length® of light i« plotted as the ordinate agam®t the 
wa\e length as the abscissa, a cur\c results which gne« the absorption 
spectnim of the absorbing material in the solution Most modern instru- 
ments designed for this purpose penmt the accurate estimation of tlie 
optic i! dcnsit\ of a solution at narrow K spaced mtcr\als from about 
200 m/i (2000 A) to about CjO ni/i (6500A) [1 ni/t-- 10 A (angstrom 

units) — 10“’^ cm J \ i®iblc fight i® composed of light rajs haMng wa\c 
lengths from aliout *100 m^ (Molct) to about GoO m/x (red), and the 
region below 400 ni/* is termed the ultraMolct region of the spectnim 
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v.i\l be seen that plienylalanme exhibits maximal absorption at about 
260 m/t, -whereas tyrosine and tryptophan have their absorption maxima 
at about 275 m^ and 280 rn/i rospectnelj If a protein contains one or 
more of these ammo acids, therefore, an aqueous solution of the protein 
will absorb light in the region 260 to 290 mu, and this property maj be 
used to measure its concentration Since the relative proportions and 
absolute content of tlic three amino acids vary widely from one protein 
to another, each protein will, in general, exhibit a different value for the 
wa\e length of maximal «ibsorption and the specific absorbance Thus, 
a 1 per cent solution of human scrum albumin exhibits maximal ab- 
sorption at 280 m/i, whore tlic value of ^ is 053, on the other hand, a 
1 per cent solution of beef insulin absorbs maximally at 277 m/t, and the 
value for L is 1 13 Clcarlj, the use of such \alucs is justified only 
when one is dealing witli solutions m which no otlier substances absorb 
light appreciably near 280 m/i In the purification of proteins, it is fre- 
quently convenient to dotcmiinc the protein concentration of crude 
preparations spoctropiiotomctneally, and a correction is made for the 
interference by nucleic acids, which absorb maximallv near 260 m/* 
(p 193) An approximate estimate may be obtained by means of the 
formula 3 45Ajfio — 0 7442(jo “ mg protein per ml Tins procedure, 
though rapid, is less reliable than the Kjeldahl melliod (p 28) or the 
biuret method (p 130) 

Optical Activity of Ammo Acids 

The property of ammo acids, when m solution, that enables them to 
rotate the plane of polarized light is termed optical activity' A brief 
outline of the basic concepts involved m this phenomenon is given m 
what follows, a more complete discussion may be found in the treatise 
by Lowiy 

In 1669 it was found that when an object is view’ed tlirough a crystal 
of Iceland spar (a transparent variety of calcite, CaCOj) a double 
image results This was explained in 1690 by the physicist Huygens, 
who showed that when a ray of light impinges on the crystal two rays 
are formed One of these, called the “ordinary" ray, was refracted 
(bent) m accord witii Snell’s law of refraction, the other, termed the 
“extraordinary" ray, w is refracted in a manner that depended upon the 
angle that the incident ray formed with the crystal (Fig 2) The 
phenomenon of “double refraction" was shown to involve a polanzatioa 
of the two rays, so tliat one of the ray's vibrates m a plane at right angles 
to the plane of vibration of the other, le , the two rays arc plane-polar- 
ized In 1828 Nicol described a prism which is made of two pieces of 

4VT M Ldwi> , Optical Holatary Pouer, Loagmaas, Green and Co , London, 1935 
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Iceland spar cut from a single crjstal along a certain plane and then 
cemented together ^\lth Canada balsam When unpolarized light passes 
through this prism at the proper angle to the “optic axis,” only the 



extraordinarj rnj is> transmitted, while the ordinarj ra> is absorbed m 
the darkened lateral faces of the prism If the emergent extraordinary 
raj is allowed to fall upon another “Nicol prism,” the ray will pass 
through if the orientation of the prisms is the same (Fig 3) If the 
second prism is rotated tlirough an angle of 90®, the plnne-polarizcd 



fig a Two Nicol pn«ms m pinllel 


light will be absorbed in the same way m which the ordinary ray had 
been absorbed in the first prism When the extraordinary ray is seen 
through both prisms they arc said to be ‘parallel”, when the ray is not 
seen the prisms are said to be “crossed ” 

During tlic early part of the nineteenth century, the French physicist 
Biot found that quartz crystals had the remarkable property of rotating 
the plane of the polarized light Following up this dlsco^ery, he ob- 
ser\ed, in 1815, that fluids such as oil of turpentine or an alcoholic solu- 
tion of camphor also had tins property A few years later he described 
the rotatory power of aqueous solutions of sucrose, and by 1832 he had 
shown that a great \aricty of organic compounds when in solution were 
“optically actne” \mong these compounds was tartaric acid, and the 
subsequent investigation of the optical acti\ity of this substance by 
Pasteur marked a high point in the history of organic chemistry 
The dexelopmcnt of the Nicol prism made it possible, in 1844, to 
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construct an jnstrument, named the polanraetcr, which allows one to 
measure the angle tlirough which a plane-pohnzed ray is rotated m pass- 
ing through a solution of an optically actne substance In the polar- 
imeter, unpolarized light passes into one Nicol prism (the polarizer) m 
the manner described abo\e, and the emergent polauzed ra> is allowed 
to go through the solution containing an optieallj actne substance If 
the light IS now passed into a second Nicol prism, it will be found that 
the angle through which this prism must be turned to achie\e extinc- 
tion will not be 90°, as before, but will differ from 90° bj the extent to 
v?hich the optically active substance has rotated the plane of polarized 
light If a substance rotates the plane so that the second prism (the 
analyzer) must be turned clockwise, the substance is said to be dex- 
trorotatory [a plus (-f) rotation], if the analyzer must be turned 
counterclockwise, the substance is le\orotntor> [a minus (— •) rotation] 
Modem polnnmctcrs are so constructed as to permit an accurate meas- 
urement in degrees (within 0001°) of the angle of rotation of the 
analyzer An excellent discussion of polarimctry will be found m the 
book b> Bates At different wa\c lengths polauzed light is rotated to 
a different cxient bj an opticallj active substance, it is necessary there- 
fore that the incident unpoianzed light be monochromatic, i c , of a single 
waxe length In practice, the D line of the sodium flame (A “ 689 m/i or 
5890 A) or, less frequently, the green line of a mercury* discharge lamp 
(A "■ 546 mu) IS employed 

Since the obserx cd extent of optical rotation (designated a) is depend- 
ent on the concentration of the substance m the solution and on the 
length of the tube contninmg the solution, it is the custom to report data 
on the optical activity of organic compounds in terms of their “specific 
rotations,” with an indication of tlic light source employed, the tempera- 
ture, the concentration of the solute, and the natuic of the solvent The 
specific rotation ([a]) is given by the formula 

r , Obserx ed rotation in degrees 

Length of tube (dm) X concentration (g/cc) 

Thus the specific rotation of the prolinc isolated from protein hydroly- 
sates is [o]d-^ —85 0° (10 per cent m water) Reference will be 

found in the literature to values for the "molar rotation” of substances 
This IS designated by the symbol [^/] and is equal to the product of 
[a] and the molecular weight, divided by 100 

The first clear appreciation of the relation between optical activity 
and chemical structure c<iroe from the work of Pasteur, who in 1848 
discovered that two different crystal forms of the sodium ammonmin 

•*2 y J Bates et al , Polanmeiry, Sacchanmelry and ike Sugars, U S Gov emmeat 
Prmting Office, Washmgton, 1942 
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salts of tartaric acid could he obtained M mcclnnical reparation of the 
crystals of the «alts of an opticalK inncti\e form (mined racemic acid) 
of tins acid \Micn the two cr\‘*tal fonn«. had been scjiiratcd, Pasteur 
disroKed eich in water and showed that one solution rotated plane- 
polarized light to the right while the other was lc\orotator> An excellent 
dcrcnption of this momentous discoxerx ma 3 he found in the biographx 
of Pasteur hj Duhos (p 2) 

The (Icxtro- and fcio-tartanc acid salts tliat Pasteur obtained from 
the salt of riccmic acid could be conxerted into the free acids, which 
were found to he identical in melting point, solubilitx, and other phx«ical 
properties but to differ in the sign of the optical rotation M liat is csjic- 
cnll\ important, the numerical xaluc of the rotition of the two tirtaric 
acid«, w i<? the same Pairs of Mibstanccs that hear this re! itionrhip to 
tacii other arc termed cnantiomorphs (Greek cnnntio, oppo-ite), and 
the} ma} he designated as the d-tnantioniorph and the f-enantiomorjih, 
where d and I denote the sign of optical rotation under a gi\cn set of 
conditions A mixture of equal amounts of the two cnantioinorplis forms 
an opticalh inactixc racemate, which represents the df-form of the com- 
pound In mochamcalh scpirating the d^ anti 1-forms of the tartaric 
acid salt, Pasteur clTcctcd the ‘‘resolution” of the nceinatc Howexer, 
this metliod of resolution is applicable onlx m exccjitional instances, since 
it IS a common piicnoincnon that racemic compound- crjstalhzo in such 
a wax that each crx-tal cont uns equal proportion's of the cnantiomorphs 
and no mechanic il ecpiratum i** po-«ihlc Indeed, rnccmic sodium am- 
monium tartrate, -tudied h\ Pa«tcur, hirin’- Mich dhcn-tal- nboxc 28®C, 
it 1 - onlx below till's temperature that the cnantiomorph- crx '-talhzc stpa- 
ratelx In tin-, ns m the later ‘•ucce— e- he ichicxetl, mix ho found jiroof 
of Pasteurs <lictum tli it "In tlie field <»f expenment itinn, chance faxors 
onlx l!ie prepared mind” 

To the txidencc of hi- exjHrinunt il sKiM m the re-olution of tiie -ills 
of rictmic acid, Pa-tcur added one of the out-tanding instance- of hril- 
li int intuition when he propo-ed that the two emintioiiiorphic t irtaric 
acids are a-Miiinetric -triKture- which ire rohted to eicli otlier in the 
-aim wax a- in n-x mmetnc object i- rcl de<l to it- non-uiierpo- ihlc mirror 
image In 1800 he xxrole 

\ri l!i( ntom- of tlic dtxlro arid arnnsrea! done tlic -piral- of a rijilit Inndctl 
liflix or mntctl at the eormrv of m errrcular telrduslrciii Ue cannot 

an-wt r iln-r unr fion- Ihit what ranmit lie tlouhtrsl j* tli it then i- a crniipinc 
of Ihf ntoni- in an i xmtnriru arranziment wliirh ha- a non -ii;Hri>o ilile itnise 
Wlnt 1- not Ic - certain, i- that tlir atom of the heo md haxc pn-ct olx the 
iincr-i I xmniftric irnnztimnt 

With tli( <l(\(lopmint of -tnictiiril fnrmulH m organir clurni-tr}, it 
became po ihh for xan’l HofT and ItlUl, in IS7-J, to proxidc n more 
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precise formulation of Pasteur’s hjpothesib The theorj' proposed b) 
tliese tx\o m^cstlg'ltors, ulio dc\ eloped it independent!) but almost simul- 
taneously, i\as that tlie optical actmt) of organic substances is a conse- 
quence of the presence m the molecule of an as)rnraetnc carbon atom, 
1 e , a carbon atom to v.luch arc attaelicd 4 different atoms or groups of 
atoms Tins tlieor) uas supported b) a wealth of cvperiinental evidence, 
and it fonns the basis for the subsequent discussion of the optical actn it) 
of ammo acids For a more extensne treatment of the general problem 
of as)mmetrj m organic compounds, see Wheland'^* 

If one examines tlie formula of alanine, it will be seen that it con- 
tains an as)mmetric carbon atom One should therefore expect two 
enantiomorphic forms of tlie ammo acid, whicli maj be represented a: 
shown The representation of the tetrahedral arrangement of groups 


COOH 



L-AUaio« 


COOH 

I 

— C~H 




COOH 



COOH 

I 

H— C— NHj 


CH 3 


O'Alasu)^ 


about an asjTnmetnc carbon atom follows a con\ention introduced 
Emil Fischer In the tetrahedron corresponding to L-alanine, if the H 
atom IS selected as the apc\, and if one looks down at the other three 
groups, these groups will bo found m the clockwise order methjl, ammo, 
carboxyl It has been demonstrated recently that the Fischer con^entlon 
for the designation of configuration nctuall) corresponds to the ^^absolute 
configuration” of optically actne molecules ** 

The form of alanine obtained from acid li)drolj sates of proteins is 
dextrorotatorj , =* +145'" (10 per cent m 6 A’ HCl) or +24" 

(10 per cent m water) Examination of the other protein ammo acids 
shows all of them to be opticallj actuo, with the exception of gl)Cine, 
which has no as)mnietr]c carbon atom In Table 2 are listed the optica! 
rotations of most of the protein ammo acids, it will be noted that m 
aqueous solution some of the ammo acids arc dextrorotatorj' while others 
are lexorotatorj As will be seen later (p 97), the magnitude and 
direction of the specific rotation of ammo acids depends on pH 
The question then arises about the configuration of the ammo acids 
derived from proteins For example, isolcucme is dextrorotstor) m 
water and phcnjlalanme is lexorotatorj , this does not mean, however, 
that the relative positions of the corresponding groups about the afejm!' 

<3G W Wbeknd, Adianced Organic Chemtstrg, Chapter 6, John \tilej ^ Sons 
New lork, 1919 

M Bijvoet, ^nrfeayoyr 14,71 (195$) 
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Table 2 

Optical Rotation of Protein Ammo Acids 





Conccutrnuon, 


Tcmjicnture, 


p per 100 



"C 

Sohent 

ml of Solution 

[aln 

t-Vlaninc 

2o 

f> \ IlCi 

100 

+ 14 0 


2') 

II«0 

100 

+ 24 

i-\rc«njnc 

2T 

GiV'na 

1 f)5 

+ 27 f. 


20 

11 .0 

15 

+ 12 5 

L-V'spnrtic icid 

2-1 

GA'llCl 

20 

+ 24 6 


IS 

lUO 

1 5 

+ 17 

i-\‘-innRmc 

20 

5-1 A'nci 

2 2 

+ 34 5 


20 

ll«0 

14 

— 53 

i^C\ttcinc 

2(J 

A nci 

121 

+ 7 0 


24 

A IICI 

10 

— 214 4 

Diio<lo iy-t\ ro'inc 

20 

A IICI 

5 1 

+ 20 

I GIut^nllc ncid 

2'» 

I7A HCl 

70 

+ 317 

i-Glutimtnc 

21 

n.o 

56 

+ GO 

L-IlMidino 

25 

CA'nC! 

1 0 

+ 155 


2'> 

11 0 

075 

— 30 0 

IIvcUo\\*t**l\'mo 

25 

GA'llCl 

20 

+ 14 5 

i-prt)!uic 

20 

A HCl 

1 5 

— 47 5 


22 5 

lUO 

10 

— 75 2 

L-I^olrtirme 

25 

CA'HCI 

5^1 

+ 407 


2> 

H.O 

12 

+ 1221 

i-Ioticmo 

2> 

C N'lICI 

20 

+ I5I 


25 

II 0 

2 0 

— 107 

L-I 

25 

0 \"hci 

20 

+ 25 0 


20 

H 0 

6 5 

+ 14 0 

i-MnliKinine 

20 

dAHCl 

5 0 

+ 25 4 

i-I'hrnNhlininc 

2'» 

\ IICI 

to 

— 7 7 


2 > 

11 0 

1 6 

— ^5 2 

j-l’rnlinc 

20 

or. \"iici 

0 0 

— 52 0 


25 

11 0 

10 

— *^5 0 

i-®rrjn( 

2-5 

A HCl 

n 1 

-i 150 


20 

II O 

104 

— fA 

i-Tlirtfininr 

2'» 

H’O 

] I 

— 2" 1 

L 1 r% ptopli in 

•J() 

Oo \‘IK1 

10 

+ ^2 4 


2'» 

11.0 

21 


i-T\rr» me 

20 

01 \Tl(| 

4 1 

— ‘4*. 

I \ ilinr- 

20 

r. \ IK I 

54 

2s,S 


2«1 

I! 0 

40 

4- 65 

T!n Irir nirhcri 'itom 

juii'l In mirror imit.(' 

of OtH ITlOtln 

r In fact, 

»xt<n-i\i tviKnimntil wnrk iliinnc tin jurKMl I'Oo-lO'O 

In** ‘•linun 

tint nil th( imotcin 

iiiiino trnl 

« in rcmfipir vtnm ill\ tlit 

*■ inic nitb 

n *iM fi to tlu irnn 

uni nl of (ht 

ernup- ilmut tlu n*c irlum ntinn A1 o 

T/rrfri>*nl mim h \ 

foiifunr ttinn nn ilivmi*" 

K> til it irlntr i 

nh dtfintil 

ft”’ lt\c’rotnt<'n ^,1' 

Cl nil'ltb' lit, 

if tilt ‘■uh'litur lit* on tilt 

'i*\nmictnc 
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CHO COOH 



CH 20 H CH 3 


L(-)'Clycerildel»>de [ (+)-MTnine 

It IS a generally accepted convention to designate the configuration 
about an asj mmctric carbon atom by means of a small capital l or d, 
where the configuration has been shown experimentally to correspond to 
that m iei;o-gl>ccraldehyde {aibitiarily defined ns L-glyceraIdeh>de) or 
to that in dcxfro-glyccraldchyde (arbitrarily defined as c-glyceralde- 
hyde) The small capitals arc reserved for the designation of configura- 
tion, they should not be used inlercliangeably with d and I, which denote 
the direction of optical rotation Tlie sign of rotation is occasional!) 
included in parentheses after the capita] letter denoting configuration, 
however, this is not nccessarj since the s>mbol l or d is unambiguous 

The establishment of configurational relationships among a large series 
of substances is a task of great difficulty, since one must develop chemical 
methods of transforming one substance into another without destroying 
the optical activity (racemization) or inverting the spatial arrangement 
of the substituents about the asymmetric carbon atom (Walden inver- 
sion) An excellent account of the work that led to the establishment 
of the configurational relationship's among the amino acids may be 
found in the article by Neuberger A key relationship is the assign- 
ment of the same configuration to dextro-]aci\z acid and to dexfro-alanine 
The configurational relationship between D-glyceraldehyde and D-Iactic 
acid has been demonstrated by the reaction 'sequence shown 


CHO COOH 

I ( 

H— C— OH -» H— C— OH 

1 I 

CH2OH CH2OH 

D(+)Glycpr i>(~) Glycenc 

aldehyde aau 


COOH COOH 

H— C— OH -.H— OH 
CHzBr CHs 

d(+) 0 Uromo d{— )-Lactic 

lactic acid acid 


The fact that the ammo acids obtained upon hydrolysis of proteins 
under conditions that avoid racemization all have the L-configuration, 
regardless of their rotation, does not mean that the enantiomorphic 
D-ammo acids do not occur m nature n-Amino acids have been found 
in some substances elaborated by plants and microorganisms For 
example, several ol the antibiotics produced by bacteria yield n-amino 


45 A Neubciger, Advances tn Protein Chem , 4, 297 (1948) 
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acids when thej are hydrohzetl These antibiotics are not proteins but 
smaller aggregates of ammo acids bound in peptide linkage (pp 137 f ) 
Tims the gramicidins, elaborated b3 Bacillus brevis, jicld n-leucine, this 
D-amino acid is also obtained on h 5 drol 3 sis of the pol 3 m}\ins, formed 
b3 Bacillus poUjmyxa The penicillamine found in the penieilhns also 
has the D-configuration, and the capsular substance of the anthrax 
bacillus, on hydrol3sis, 3ields D-glutamic acid It will be clear from 
the foregoing, therefore, tliat the occasional designation of the o-amino 
acids as “unnatural” is contrar3 to fact, and is to be axoided 

When protein ammo acida other than gl3cine are made m the labora- 
tor 3 b 3 the usual methods of organic s 3 nthesis, tlic products are DL-amino 
acids Such nL-compounds arc termed racemates, because of their 
relation to the opticall3 inactue tartaric acid first resohed b3 Pasteur 
If the opticall3 actuc enantiomorphs arc desired, the racemic compound 
must be resohed It was noted before that the method used b} Pasteur 
m his classical work of 1848 was not gencrall3 applicable, this was 
realized b3 Pasteur, and ho proceeded to dc\clop a number of methods 
which m principle arc still in use toda3 

A widcl3 applicable procedure is to add to a solution of the racemate 
an opticall3 active ncid or base which will form spanngh soluble salts 
with tiic two enantiomorphs Examples of suitable optical!} active 
bases are 1 -quimnc, winch Pasteur cmplo3ed, or f-brucinc If a DL-acid 
IS to be resolved, tlie addition of f-brucine will lead to tiic formation of 
tw 0 salts in the solution the f-brucinc salt of the L-ncid and the Mmicmo 
salt of the n-acicl These two salts not onl} have dilTcrcnt numerical 
values of rotation, but al«o differ m their sphibilit} behavior and in 
other respects ns well The difference iii solubiht} makes it possible to 
separate the two salts bv fractional ci^stalhzation and to obtain from 
t icli the dcMrcd ojiticnll} active acid In the application of this method 
to the rc'-olution of m -ammo acid-, the amino group i': usuallv ncvlatcd 
to V itld a henzov 1 or formv 1 dcriv itiv c After rc'-olution of the enantio- 
morphs, the jirotccting group nm} he icmovcd l)\ hv(lrol3Sis 

The chnract(ri'tic feature of the brucine «alts of the n- and L-ncids is 
that the} contain more tlinn one center of nMinmctrv and that Ihev 
differ in tlie configuration about onlv one of thc'C center- Sucli com- 
pound-, which are not mirror image- of eaeh other, arc dofined as 
dmetcrcoi-rmur*; (Greek din, apart) Flit work of Pasteur thus showed 
that rc'olution of m -compound- could he effected hv converting them 
into a mixture of eliaetcrcoisomene «ilts hv tlie uldition of a suitable 
opticallv ictive acal or ha-e 

Among the protim ammo aenU art -cveral that have, m addition to 
the o-carl)on, a second isMumctrie carbon These arc threonine, isoleu- 
cinc, h3drox3proline, am! livdroxvlvsme If one consider'? threonine, it 
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will be seen that fow stereoisomers are possible, since tlic number of 
such jsomers is equal to 2 ", where n is the number of asymmetric carbons 
The ammo acid isolated from proteins has tlio configuration to which 
the name L-threonino is assigned , the mirror image gives the configuration 
of D-threoninc Tlic other two possible isomers are clearly diastcree- 
isomers of the tlirconmcs, and they aic designated L-allothreonine and 
D-allothreonine (Greek alios, other) Similar considerations apply to 


COOH 
H2N— (!^-h 
H—i— OH 
CH 3 

b-Tlireomne 


COOH 
H— (LnHs 
HO— i— H 




D<Tlir«antne 


COOH COOH 

H2N— i-H H— 

HO— C— H H— C-OH 

CHa ins 

tAAllothreoftitift 


the other protein ammo ncids with two asymmetric carbons By conten- 
tion the ammo acid obtained from proteins is designated the L-ammo 
acid, this IS based solely on the configuration about the «-carbon atom 
The enantiomorpli of the L-amino acid is the n-ammo acid For the 
diastereoisomcric ammo acids, the prefix ”al!o” is placed before the 
commonly accepted name of t!ie protein amino acid Tins nomenclature 
suffers from the disadvantage tliat the configuration about the second 
center of asymmetry, tliougli known for threonine, isoleueine, and 
hydroxyprohne, is not specified m the name Tlius the configuration of 
the L-isoleucme derived from proteins appears to be that given m the 
accompanying formula,^’ the diastcrcoisomenc L-ammo acid is termed 
L-alloi80leucine The hjdroxy-L-prolme from protein hydrolysates has 
a configuration in which the OH and COOH groups are m trans position 
The corresponding diastcreoisomenc as form is allohydroxj'-L-prohne 


COOH 

H 

H 

H2N-C-H 

1 

HgC-C-H 

H^C 

-C COOH 


CH2CH3 H H 

t-Isoleucifie Ifydfoxy i>proline 


When one of the amino acids having two centers of asymmetry is pre- 
pared synthetically, two r»L-forms may be expected (eg, DL-threonme 
and DL-allothreonine) 

A special case of compounds having two centers of asymmetrj 
includes substances in w hicli the groups about the tw 0 centers are idcn 

B Vickery, J Biol Ckcm, 169,237 (1947) 

Wimtz et al J Am Ckem Soc, 77, 3106 (1955) 
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ticil but the configuration uboiit one of the two centers is n mirror 
iimgc of the other ComiiouniN of tins tipc ire “iiitcrmIK compeii- 
soted" and hence nre opticnlK innctne Tlic\ arc tcriiied mew com- 
pounds Among the ninino acids nn cxamjile i- iiicsoc\sfmc \nother 


rooii coon 


I 

HoX— C— If 

I 

CIIc- 


I 

II— C— XIlj 

I 

S— cilj 


WmiJO Ptlfw 


coon coon 

I I 

n-x-c— n Hc\-c— n 
I 1 

CII:— S— S— CHe 

leC>>lfini* 


amino acid in uliich internal compens ition is pos-ihlc is a,t-diaminn- 
jilmelu acid, found m hacteria,” the in iterial i-olatcd from some organ- 
isms IS opticallj inietne and nppareiitK is the mew form A similar 
conclusion Ins been draun in reg ird to the lanthioniiic obtained from 


coon coon 

I I 

iijN’-c-n n— c— Min 

I I 

( Hj cIIs CTI- 

Uppixi^tliamifiopifnctie ftfnl 


coon 


coon 


n-x-f— n n-c— Mij 

I 1 

CII; S CIIs 

Vff Innlliionin** 


ful>tilin (cf p GO) A n'lturalK occiirrinR (IcTi\nti\D of nic-dmiimo- 
junuiic nrid i*- ( ilitoNinint, winch i« prc'cnt jn Psf»f/omo«a? nn<l 

wlncli hn** tlinc center' of a«Mmnctr\ the etcrcochimicTl configuntion 
(if the rntunl conipoimd li i** not been cliicuhtcd 

Nils on Mh 

I f I 

IIOOC— ( H--C n— CIIj— CII:— cn— COOH 

T«t toilllltws 


The optjcil of niiiino nexl' i** n ron'cqiRnre of their n^Mn- 

nielrir 'tnirtiirc, niul, 'mre tht ammo icoN •iri con-tituints of protein", 
tiu intiMinlt 'tnicturt of protiin- j' iNo rlnr icttrircd 1)\ niokcular 
:i'Miim(tr\ In addition to tin ('MnnutrN introduced Iin tin prc-oncc 
of th( rc'idiK - of optic tIK ictut ammo icid' other i*tnirtural factor" 
(rf p 1G()) iNo rontrihut* to the optic d a^tl\lt^ ^hown h\ arpKou" 
-olution- of protein- \- will hi ‘•(in from litir -(Ctionv of tlii- liook, 
till cliiaiiril r( iction- in Iimijj. ‘•\-tuii- ihnoIm a ‘■iI(rttMt\ in tht w i\ 
in wlnrh ^ttr(oI'■oMHrl^ form- arc tr( itid in nutiholi-m ‘-inn llu 
(iirMiitc ritdsct- wlinli nudiiti lh»-( notion- art protein in nature, 
It l»(romi' inori ri ohh muh r-t md ilik wh\ a-\ iiiruc tr\ in tla intmi ite 
-tnirlun of protein- i- of ron-idirihli import inn in tin pli\ ‘■lologic il 
pill noinc n i o!i i r\ e<l in li\ in,, iinlli r 

111 ! dnlit\ of li\ni„ -\-lim- to di-rnniin iti iHtunn ^f( n oi-<>incric 

- H< or nnl I r rl //■ rt, , , f,I, VJ f la v.) ^3 411(1'*.:) 

•»J M .JIM nadl) U u.-ot \ J f/ttn ‘-.r,7n 
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forms of a chemical substance also 'was (lisco\crcd by Pasteur In 1857 
he found that, \shen a mold g^'cvv m the solution of a ‘^alt of the raccmic 
tartaric acid, onl> the devtrorotatory form was used by the organisra, 
and, nhen this form had disappeared, as judged by the optical rotation, 
the le^orotatorj enantiomorph could be isolated from the solution It 
IS knonn todaj tliat this selcctuitj of action is a consequence of the 
action of enzjmcs, and there arc man> methods in the biochemical litera- 
ture for the resolution of racemic compounds, and especially DL-ammo 
acids, by means of enzymes®® 

60 J p Grecnslem, Advance* tn Protein Chem , 9, I2i (1051) 
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Amino Acids and Proteins 
as Electrolytes 


An important propert\ of all amino acids, which arises from the fact 
tiiat they contain caibowlic (COOH) or ammo (NH^) groups, is their 
bolla^ lor as clectrolj tes It is custoinarj to refer to COOH groups ns 
acidic in nature and to NIIj gumps as basic in cliaracter For the pur- 
poses of the present ducussion, howc\er, it will be useful to redefine 
acids and bases m tl\c more general terms dc\ eloped b\ Erdnsted and 
Lowry According to this definition, an acid is a subst incc that can gi\o 
off protons (h)drogcn ions, H+), a base is a substance that can take up 
protons^ An acid HA, on liberating a h\drogcn ion, is transformed 
into its “conjugate bisc” A- and HA is related to A“ as follows 

HA 5 :± H+ + A- 

Tlius, in the equilibrium between acetic acid and acetate ion, 
CH3COOH ^ H+ + CHsCOO- 

CHtCOOH is the acid, and CH-iCOO’' is tlic base Similnrlj, in the 
equilibrium between nictlij lannnc and the methj lammoniiim ion, 

CII3NH3+ H+ + CH3XH2 

tlic mcth\ laminonium ion is tlic acid, and the free amine i« the base 
All the (Iis‘-ocintion plicnonicna that will be considered here are 
n«'«iimed to occur in water, under thc‘-c conditions, the h^drog^n ion docs 
not eM‘>t in ‘solution a*- such, but in the form of tlie hjdroniiim ion, 
HiO+ (II"^ + HjO?=i IItO+) Tor con\cincnce, howc\er, the hjdrogcn 
ion formed upon the ckctroljtic dissociation of an aeul mnj be 
dt'ignntcd 11+ , tlii" is pi.rmis>*iblt since water docs not figure in the 
c()\uhbnuin, aUhough it !•* es^intial for the lomzition to occur 
In t\trimel\ dilute solutions, the concentration (m molt^ per liter) 
Ml r Ilfll <!«</ //fotj*, Methuen and Co I ondon 1052 
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of hydrogen ions, and of other substances, may be considered to approxi* 
mate their “activity ” The molar concentration of an ion [A~] is 
related to its activity (A") by the equation [A~]/a- — (A“'), rvhere /a- 
is the “activity coefficient” of the ion In the subsequent discussion, 
ivhcn reference is made to the activity of a substance, the appropriate 
symbol for that substance will be enclosed m parentheses, vhen the molar 
concentration is meant, the symbol wiU be enclosed in brackets Thus, 
hydrogen ion activity will be denoted (H+) and hydrogen ion concentra- 
tion null be denoted [H+] The dctorimnation of the pH of a solution 
gives an approximate measure of the (H+) of a solution (cf pp 18,296) 

Numerical values of activity coefficients for ions m dilute solutions 
of electrolytes (about 0 01 N or less) maj bo calculated by means of 
the limiting law' deduced by Debje and Huckel 

_ log/. = 0 5zp\/f/2 

This states that the negative logarithm of the activity coefficient of an 
ion (i) IS directly related to the square of the number of charges on that 
ion (si) and tlie square root of the molar ionic strength of the solution 
(r/2) (p 20) The basic assumption in the formulation of the Debje- 
Huckel theory is tiint the ions in a solution do not behave as independent 
entitles, but interact with one another, thus, an ion bearing a positiic 
charge is sui rounded by a cloud of ions of opposite charge, and vice 
\or<«a The extent of this interaction is determined by the charge on the 
ion m question and the concentrations and cliarges of all the ions m the 
solution 

It will be recalled that some acids (e g , hydroclilonc acid, nitric acid) 
are completely dissociated in aqueous solution and are referred to as 
strong acids In what follows, the discussion will concern primarily the 
dissociation of weak acids such as acetic acid, w'hich do not dissociate 
completely in aqueous solution 

If one titrates 30 ml of a solution of N acetic acid with N sodium 
hydroxide and plots pH (as the ordinate) against the milbhters of alkali 
added, one ohiains a curve (designated A in Fig 1) which has an inflec- 
tion at the point at which 15 ml of iV NaOH bad been added, at this 
point, the pH of the solution is 4 7 In an analogous titration of 30 ml 
of N lijdrochloric acid, the resulting curie (B m Fig 1) shows that, 
instead of the gradual increase m pH observed with acetic acid, the pH 
of the hydrochloric acid solution docs not cliange apprcciablj until the 
neutralization is nearly complete, then the further addition of a small 
quantity of alkali causes a marked change in pH In both titrations 
the addition of OH" ions causes the removal of ions from the ■solu- 
tion With acetic acid, which is onI> sliglitlj dissociated to CHsCOO" 
and H'*' at the start of the titration, the addition of OH" shifts the 
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equilibrium CH3COOH CHgCOO" + H+ to the riglit The apparent 
dissociation contant 

E' / „ [CIl3COO-](H+) 

“ ICHsCOOHj 

becomes equal to (H+) ivhen [CHgCOO'"] = [CH3COOH] This is 
the situation at the inflection point m the titration cu^^e of acetic acid, 
and the pH corresponding to this point is termed the pAo' of acetic acid 



Pig 1 Titration curies of ncelic icid and of hjdrochlonc acid (cf text) 


Thus the pK/ of a T\cak acid is tlio negatne logarithm (to the base 10) 
of the (H+) at \\hich tiie concentrations of the acid and the conju- 
gate base are equal For \cotic acid m a solution of 0 1 lonie strength, 
pAa' = 4 65, this corresponds to (H+) “2 24 x 10'^ 

As acetic acid is titrated, it resists changes in the pH of the system It 
thus forms \\hat is termed a “buffer’’ All ^eak acids, m the presence 
of their conjugate bases, form buffer solutions A con\ement method 
for the calculation of the approximate pH of a buffer mixture, gnen the 
pA/ of the acid, is proMded bj the Henderson-Hasselbalch equation 
From the formula for Ka, 


(H+) 


A/ 


[acidj 

[conjugate base] 


_ ,, t [acid] 
“ [saltj 


The concentration of tJic conjugate base (eg, acetate ion) maj be set 
equal to tlie concentration of the salt (0 g , sodium acet ite) because the 
latter is almost completel> dissociated in solution Taking the negatne 
logarithms of tlio terms in the aboxe equation, one obtains 


• log (H+) » — Kj — loj 


[acidl 

IsaltJ 
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The latter equation is the Henderson-Hasselbalch equation and is appli- 
cable to bufTer systems derned from any i\eak acid HA which di'^socntes 
to H+ + A- 

In calculating the pH of buffer solutions, it is important to recognize 
that Ka usually diffeis from Ka, the true or limiting value of the disso- 
ciation constant Since 


,, r ^ (H-^)[A-] 
[HA] 

it follows that 


and 


„ _ (H+)(A-) _ (H+)[A-]A- 
(HA) lHA]/xu 


Jn\ 


pKj = pKa + log ~ 


For salt solutions of moderate concentration, the ratio /a-Z/iia is less 
than unity, and pKa is less than pKa The difference is about 0 1 for 
buffers of 0 1 ionic strength containing only univalent ions, but is as 
much as 0 4 for iT//15 phosphate buffers (p7vo*-7 2, p/va'-'-BS) For 
any one buffer the value of pAV remains constant as the pH is •varied, 
provided that the total ionic strength of the solution is unchanged 
An important feature of the maintenance of the constancy of the 
internal environment of living organisms is the operation of buffer sjs- 
tems to control the pH of aqueous fluids within relatively narrow limits 
Thus, in mammalian blood, where the pH is maintained near 7 35, a 
number of inorganic buffer systems (carbonic acid-bicarbonate, primary 
phosphate-secondary phosphate) contribute to this pH control (Chap 
ter 36) As will be seen later, the proteins of the blood also play an 
important part m the buffering capacity of this biological fluid 
Among the buffer systems arc to be included those pairs of acids and 
conjugate bases in which the proton donor has a color different from 
that of the proton acceptor Buffer systems of this kind may be used 
as indicators of the pH of a solution and for following a titration Here 
we are dealing with an equilibrium 

H indicator H'*' + indicator 

(color A) (color B) 

For example, the acid form of phenolphthalem is colorless, whereas the 
conjugate base is red, the pK/ is 9 7 Hence, this indicator is suitable 
for use in acid-base titrations in which the stoichiometric end point occurs 
in the region 8 5 to 10 0 Another indicator is bromphenol blue 
(pKa' ==4 0), which IS y ellow at pH 3 1 and blue at pH 4 7 Other pH 
indicators have widely different piC' values (Table 1) and may there- 
fore be used to good advantage in titrations when the stoichiometric end 
point falls within the range of greatest color change of the indicator 
The results of a titration in which N hydrochloric acid is added to 
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Table I Properties of pH Indicators 


Indicator 

Thjmol blue (acid range) 
Meth>l orange 
Bromphcnol blue 
Bromcresol green 
Methjl red 
Chlorphenol red 
Bromcresol purple 
Bromthj mol blue 
Phenol red 
Cresol red 

ThiTOoI blue (alkaline range) 
Phenolphthalein 


pK' Colors and pH Range 

17 Red->elIo\\ (12-2 8) 

35 Red-jcIIow (31—4 4) 

40 Yellott-blue (31-4 7) 

47 Yellow -blue (3 S-5 4) 

50 Red->ellow (4 2-6 3) 

60 Yellow-red (5 1-67) 

6 2 Yellow-purple (54-70) 

7 0 Yellow-blue (6 0-7 6) 

78 Yellow-red (7 0-8 6) 

83 Yellow -red (7 4-0 0) 

89 Yellow -blue (SO-9 6) 

97 Colorless-red (8 3-10 0) 


30 ml of jY methjlamine are shown in Fig 2 It will be seen that a 
characteristic inflection is obscr\cd at pH 10 6, correuponding to the 



addition of 15 ml of acid In this titration the amine, which is the con- 
jugate base of the meth>lammonium ion, is accepting protons, and the 
equilibrium constant for the dissociation of the acid CH 5 NH 3 + is 
, ^ ICHsNHoKH-^) 

ICH 3 NH 3 +] 

The inflection point in tlic cur\c corresponds to a pKa of 10 0, or a 
AV of 24 X lO-ii 

Snmlarh, the ammonium ion and ammonia are related to one another 
bj the equation NH-j -f H+ ;=iNH 4 + , therefore 

, / _ (yH3i(H+) 

(NIU+l 




90 GENERAL BIOCHEMISTRY 

At one time it %vas the practice to refer to NH4OH as the base, and to 
write its dissociation in the form 

, _ [NH4-^1[0H-1 
INH40H1 

Thus (OH*] ^^hcn the ratio lNH4+]/[NH40H] K/ and 
Kb arc related to one another by the equation KaKi “ Kv/ ” 1 X 10'“^^ 
Consequently, pKa 4- pKb “H 

Amino Acids as Dipolar ions 

The rea‘-on why it is preferable to use the Brdnsted-Lowry definition 
of acids and to speak only of the /v/ values will become apparent from 
a consideration of tlie titration bchaMor of ammo acids The represen- 
tation of an ammo acid such as gljcinc by the formula NHoCHjCOOH 
suggests that one is dealing with a substance in which the NHo group 



fig 3 Titration curves ot plvcmc Curves A and B m atjutous solution, curve C 
in M formaldehyde 

acts as a conjugate base and the COOH group as an acid It has been 
found, however, that this formulation is not a correct representation of 
the ionic state of an ammo acid in aqueous solution 
If one dissolves glycine in w atcr, the pH is about G As w ill be seen 
from Fig 3, the addition of sodium hjdrOxide to this solution gives a 
cur\e (A) with an inflection at pH 9 6 In the titration of acetic acid 
with alkali it was obvious that the carboxyl group was serving as the 
proton donor The question arises whether it is the carboxyl group of 
glycine that has a pK' of 9 6 when the ammo acid is titrated with alkali 
Certainly, the discrepancy between the value of 9 6 and the pK' of 4 7 
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indicators such as phenolphthalem are increased so that they are 2 5 to 
3 pH units moic alkaline than that of the «-ammonium group This 
permits the alkalimetric titration of «-aramonium groups of amino acids 
or peptides by procedures such as those devised by Foreman (85 per cent 
ethanol, phenolphthalem) and b> Willstatter and Waldschmidt-Leitz 
(90 per cent ethanol, phenolphthalem) 

When glycine is present in aqueous solution at pH 6, the ionic species 
that predominates is the doubly charged ion +NH3CH2COO“ The 
term applied to such ions is “dipolar ion”, this designation is preferable 
to the earlier German term Zmttenon (hybrid ion) Since a dipolar 
ion can behave cither as an acid or as a base, it has been referred to as an 
“amphoteric elcctroljtc” or “ampholjte ” As alkali is added, the dipolar 
ion loses a proton, ivitli the addition of acid, it accepts a proton The 
piedominant ionic species that may be found as one goes from a solution 
of gljcme at low pH (ca 1) to high pH (ca 11) are as follows s 

+NH3CH2COOH ^ +NH3CH2COO- ^ NH2CH2COO- 
pHi pile pH 11 

It ^ill bo noted that the presence of the NHs+ group tends to make 
the COOH group of glycine a stronger acid (lo^cr pK' value) compared 
with acetic acid This ma> be considered an electrostatic effect of a 
strong positive charge within a molecule m increasing the tendencj of 
a dissociating group to release protons 

When the o-amino group of an ammo acid is acylated, the pIC of the 
carboxyl group is raised, for example, GHiCO — NHCHgCOOH (acetjl- 
glycme) has a pK' of 3 7 Similarly, when the a-carbo\yl group of an 
amino acid is com erted to an amide, the pK' of the a-ammonium group 
is shifted to a lower pH, as with glycinamide (NH2CH2CO — ^NH2)i 
which has a pK' of 7 9 These shifts in pK' values following substitu- 
tion are additional indications of the mutual electrostatic effect of the 
charged groups of amino acids 

Further evidence for the dipolar nature of ammo acids in aqueous 
solution IS provided by measurements of the dielectric constants of such 
solutions The dielectric constant of a solution is given by the equa- 
tion D = F>o + 8C, where Do is the dielectric constant of the solvent, 
S is the “dielectric increment,” and C is the concentration of the solute 
m moles per liter For ammo acids, the \alue of the dielectric incre- 
ment IS large and a positive number, this indicates that ammo acid 
molecules ha\e a large dipole moment due to the separation of discrete 
electric charges 

The fact that ammo acids are doubly charged molecules in the solid 
state IS indicated by their high melting points , m this regard they resemble 
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inorganic salts (e g , NaCl) \\hich, m crystalline form, represent oriented 
arrajs of oppositely charged ions 

As might be expected from their structure, the ammo acids \\ith paraffin 
side chains (eg, alanine, \aline, leucine) have fKi and pK^' values 
close to those of glycine With aspartic acid, however, there should be 
two pK' values corresponding to the dissociation of the two carboxyl 



groups, and the titration cun c for this amino acid (at 25® C) has the form 
shown in Fig 4 Here pA/ = 1 9 (a-COOH) , phn =37 (^-COOH) . 
pKr.' = 90 (NII'»+) Similarly, with glutamic acid (cf Fig 5), p/Cj' = 22 
(a-COOH), pAV-43 (r-COOH), pAV=97 (NH3 + ) When the 
diammomonocarboxylic acid lysme (cf Fig 5) is titrated, the follow- 
ing appparent dissociation constants arc found pA’i' = 22 (COOH), 
pA’o'-'SOS (a.NHT+), pAV=105 (C-NII 3 +) 

It will be recalled tint, m addition to ammo and carboxyl groups, 
protein ammo acids may contam, as part of their side chains, the 
gimnidino group (arginine), the plicnolic group (tyrosine), the imidaz- 
olyl group (histiclmc), or the sulfhydryl group (cysteine) The titra- 
tion curve of hi‘'tidinc is given m Fig 5 These groups can participate 
in the reactions shown, the corresponding pK' values at 25® C are also 
indicated The value of pA' for the sulfliydrvl group of cysteine lias 
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been the subject of extensive discussion, and must be considered pro- 
visional ® 

The term “isoionic point,” used in Figs 4 and 5, may be defined as the 
pH at ^hicli the number of protons combined uith the basic groups of 
an ampholyte is equal to the number of protons dissociated from the 
acidic groups At the isoionic point, the average net electric charge 
of the ammo acid molecule is zero Some authors term this pH the 
“isoelectric point” of the amino acid (hmvever, cf p 101) For an ammo 
acid such as glycine, i^hich has one ammo and one carboxyl group, the 
isoionic point pi “ {pKi + pKn')/2 — (24 + 9 6)/2 =- 60 With an 
amino acid ha\ing three dissociating groups, it is feasible to consider 
only the two predominant p/C' values for the calculation of pi Thus, 
for lysine, pi -= (8 95 + 10 5)/2 = 9 7 

In speaking of ammo acids m solution, it is important to specify 
the pH of the solution because the proportion of the various possible 
ionic species of an ammo acid will vary with changes m pH The differ- 
ent ionic species will have different properties, in particular, the solubility 
of an ammo acid will vary markedly wuth pH A striking example of 
this IS cystine, which is sparingly soluble m neutral solution, this property 
facilitates its isolation from protein hydrolysates (cf p 58) Thb 
ammo acid has a low solubility over the pH range 2 to 9 where the 
predominant ionic species is that given in the structural formula As 
acid IS added, the COO“ groups are converted to COOH, upon the 


-OOCCH— CH2— S—S— CH2— CHCOO- 


NH3+ 


NH3+ 


3 M A Grafius and J B Neilanda, J Am Chem Soc , 77, 3389 (1955) , R E 
Benesch and R Benesch, ibtd, 77, 5877 (1955) 
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pH 

Fie 5 Tjtraljon cuncs of glutauuc nad hisfjdjne, and J>sjae 

addition of alkali, the NH3+ groups arc con\ertcd to NH« Either of 
these effects fa\or& the formation of an ionic species winch is more 
soluble than the dipolar ion is Similar considerations apply to tjrosme, 
which IS sparingl> soluble in the pH range 3 to 8 (Fig 6) 

The \aluc of pH is not the onij important factor that maj influence 
the solubility of an ammo acid As stated earlier, in the discussion of 
the acti\ it\ coefficient, 10ns in a real solution cannot be considered to 
act mdependentlj of one another in c\crtmg their chemical effects The 
interaction among the 10ns Ins a profound effect on solubilitj , this may 
readilj be seen from the studj of the solubihtj of an ammo acid as a 
function of the ionic strength of a solution For example, if one plots 
the log of the solubihtj of L-cjstme at a constant pH against the ionic 
strength, one finds that, as the lomc strength is raised, at first the solu- 
bility of the amino acid is increased (Fig 7 ) This increase in ionic 
strength maj be achie\ed bj the addition of inorganic salts such as 
sodium sulfate or ammonium sulfate One may say then that the ammo 
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acid IS “salted m ” Upon further addition of salt, and consequent 
further increase m ionic strength, the solubilitj of the amino acid de- 
creases , 1 e , the amino acid is “salted out ” These effects of pH and ionic 



Fig 6 Effect of pH on tlie solubiht> of uljro^me lErom D 1 Hitchcock,./ Cen 
Physiol, 6, 747 (1924) 1 



Fig 7 Solubility of n-nstine m biH Boliitioos (From E J Cohn nml J T Ed^all 
Proteins, Amino Acids and Peptides, Reinbold PubU<5bing Corp , New York, 1913 ) 

Strength on solubility apply not only to the ammo acids, but also, 
e^cn greater force, to the proteins Attention was drawn on p 21 to 
the equation log S «= /)' -- Iv/(r/2) which describes the rclationslup 
between the solubility of a protein and the ionic stiength in concentrated 
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salt solutions The \alues for K/ for ammo acids are small rehtne to 
those found for proteins 

The ionic character of an ammo acid has a profound effect, not onl> 
on its solubilitj, but on other physical properties as i\ell Of special 
interest is the effect of pH on the optical ncti\it> of ammo acids m 
aqueous solution If an L-amino acid is dissol\ed m uater, and the pH 
IS gradualh decreased bj the addition of acid, the solution becomes 
more dextrorotatorj (or less le\ orotatorj ) * Thus n-histidine is le^o^o- 



Plg 8 Effect of aeidifi or alk,jhDit\ on the optical actnitj of L-Ieucme and of 
Lp histidine 

tatorj in uatcr and becomes dextrorotatorj in acid solution, as shov\n 
in Fig 8 ith ammo acids of the n-configuration, the curves relating 
the magnitude of rotation to tlic pH of the solution are the mirror images 
of those for the eorrc'sponding L-fonns This difference in the effect of 
acid on the •’ign and magnitude of the rotation of l> and n-animo acids 
has pro\cd to be of xaluo in the establishment of the configurational 
rclntion=lups of the protein ammo acids 

Another ph\«icai propertj that is mflucnccrl bj pH is the light absorp- 
tion in the near ultraiiokt region of the siiectruin In protein chcinistrj 
this is primarily important m the bclmiior of tjro~me, this nminn acid 
ha** a nnximuni absorption at 275 iii/* at acid and neutral pll \ allies, 
hut at 7 jH \ allies more alkaline than 10 the position of the inaMinum 
“hifts to a longer uiut length (290 ni/*) Tlie shift is clcarlj n‘*-ociatcd 
with the di^^-oci ition of the phenolic hadroxjl group of the ammo acid 
to form a phenolatt ion 

*0 Iiifz nnd K Jirp^n on* Per Chem Gci fiSIt, ^IS (1930), 6IH, 1221 (1D3I), 
6Sn, 781 (1932), M Winitz ct al, J Iwi ChcM S»c , 77, 71G (195->) 
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Proteins as Multivalent Electrolytes® 

Before considering the acid-basc reiationships of proteins, it is neces- 
sary to anticipate to some extent certain aspects of protein stnieture 
which will be discussed more fully m Chapter 5 In general, proteins 
contain relatuely few free a-amino or o-carboxyl groups, since these 
groups are involved in the amide (peptide) bonds by which the indnidual 
ammo acids are linked to one another It follows, therefore, that the 
principal contribution to the bclia\ior of a protein as an electrolyte iiill 
come from the lonizablc groups m the ammo acid side chains Thus 
egg albumin, whicli on h>drol>sis may yield about 300 equivalents of 
ammo acids per weight of 45,000, has been found to contain only about 
20 ammo groups, largc^' represented by the e-ammo groups of Ijsine 
Pepsin appears to lm\c only 5 ammo groups per weight of 35,000 Simi- 
larly, hemoglobin (molecular w'cight, 68,000) has about 87 free carbo'^l 
groups, which include the /3-carboxyl of aspartic acid and the y-carboxjl 
of glutamic acid In addition to the «-ammo group of lysine, and the 
and 7-carboxyls of aspartic and glutamic acid ^cspcct^^ ely, consider- 
ation must be gi\cn to the gunnidmo group of arginine, the phenolic 
group of tjTTOsmc, the imidazolyl group of histidine, and the sulfhydryl 
group of cysteine A titration curve of a proton with acid or alkali 
will therefore be determined largely by the number of each of these 
lonizable sidc-chain groups and their individual pK' \alucs 

In Fig 9 titration curwes of /3-IaclogIobuIm, as determined b} Cannan 
et al ,® arc shown The ordinate gucs the number of equnalcnts {h) of 
hydrogen ion bound per mole of protein, assuming a molecular weight 
of 40,000 It will be seen that the protein solution exhibits powerful 
buffering action From what has been said before, it is obvious that 
many different lonizable groups are contributing to this titration cur\e, 
and the task of estimating the quantitati\e contribution of each tjpe of 
side-chain group is a matter of some difficulty However, with the aid 
of additional experimental data such as the effect of formaldehjde 
(Fig 9), or of temperature, on the titration curve, and by means of 
approximate theoretical relationships (cf Alberty®), it is possible to 
divide the complex titration curve into several regions with different 
pK' values and to estimate the number of lonizable side-chain groups 
of each type For example, Cannan ct al® showed that /3-lactoglobulin 
titrates as though it has 58 carboxyl groups per mole It was later found, 
by analysis of the amounts of glutamic and aspartic acid formed on 

5R A Alberty, m H Neurath and K Bailey, The Proteins, Vol lA, Chapters, 
Academic Press, Ner\ York, 1953, J Stemhardt and E M Zaiser, Advances t” 
Protein Ghent, 10, 151 (1955) 

6 R K Cannan et al , / Bwl Chem , 142, 803 (1942) 
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liydroljsis, that /3-lactoglobulm contains, per mole of protein, about 
24 glutamic acid units and 36 aspartic acid units liaMng free y- and 
/?-carbox>l groups respcctnclj This would correspond to CO side-chain 
carboxjl groups, m excellent agreement with the titration data The 



Fig 9 Titntion nines of ^-hctoglobulin Cur\e A 0010 If KCl 05 per cent 
protein, cur\c H, 0135 U I\C1 05 per cent protein ciinc C 0G7 M KCl 05 per 
rent protein air\c /) .U form'iU!eb>dc, 2 per cent protein ITrom II K C'lnnan 
Chcvi Reis, 30, 305 (1012) ] 

titration of insulin (assumed molecular weight, 12,000) has gitcn the 
following rt'iults,^ in good agreement with the atnilable nnahtical data 
(cf p 146) 12 5 carboNjl groups, 4 imidasoljl groups, 4 a-ainino groups, 
10 t-aimno jilus phenolic groups, and 2 gunnidmo groups The inter- 
pret ition of the titration cur\cs of other protein's, such ns boMne scrum 
nlbunim, h'^ozMno, and ribonuclcasc, has been di»cu«=ed in aaluabk 
papers bN Tanford* 

TanfonI anti J I p>trin J Am Chem Soc„ 76, 21G3 2170 {19>n 
*C Tanford J Am Chem Sor 72,411 (1050), 77, 1912 {I9j 5), C Tanford and 
J D llnucnstcm il/icf, 70, 52S7 (I05G) 
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Table 2 Isoelectric Points of Some Purified Proteins 


Protun 

Buffer 

r /2 

Isoelectnc 
point {pi) 

Pepsin 

HCl, 0 1 N 


<11 

Egg albumin 

Na acetate 

01 

46 

Serum albumin 

Na acetate 

01 

47 

^-Lactoglobulin 

Na acetate 

01 

51 

Hemoglobin 

Na 2 HP 04 -NaH 2 P 04 

01 

67 

a-Ch>motiypsin 

Na gljcmate 

01 

83 

o-Chymotr> psinogcn 

Na gljcmate 

01 

91 

Ribonuclease 

Na \eronal-Na glycinate 

01 

945 

Cytochrome c 

Na gl>cinate-Na 2 HP 04 

01 

1065 

L> so 2 yme 

Na gl>cinate 

001 

110 


a relativeU high ionic strength in the protein solution at a pH some- 
what removed from the isoelectric point, and then to add acid or alkali 
so as to approach the isoelcclnc pH value 



Fig 10 SolubiIit> of egg albumin as a function of pH [Plotted from data of 
A A Green, J Biol Chem, 93, 517 (1931) 1 

The modem technique (termed “electrophoresis”) for studying the 
migration of proteins in an electric field involves the use of an apparatus 
invented by Arne Tisehus in 1933 Only a brief account of the method 
can be gi\en here, for further details see Longsworth and Macinnes 
or Alberty ® 

The protein solution is placed in a U-shaped rectangular cell divided 
into three sections so constructed that flow through the cell may he 
G Longsworth and D A Madnnes Chem Revs, 24, 271 (1939), 30, 323 

(1942) 
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(a) 



Fig 11 Dngramg of Tj«eliiis electrophore<«is 'ippantus (o) The electrophoresis 
cell electrode \e<wcls and support (f>) Initial formation of boundaries m the electro- 
phoresis cell [From L G Longsworth, Chem Rets, 30, 323 (1942) ] 
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interrupted by lateral displacement of the central section (Fig 11) 
After introduction of the protein solution, the center section is moved 
so that the channel is closed, and the residual protein solution in the 
upper section is removed and replaced by a buffer solution, against which 
the protein liad previously been dialyzed The center section is then 
moved to re-establish the channel, thus creating a sharp boundary be- 



(ig 12 Electrophoretic diagrams of egg albumin, taken at pH 3 93 b> theschheren 
scanning metUod The sharp peak m the ascending boundary (r) corresponds to the 
protein, the descending protein boundarj is less sharp TFrom L 0 Longsirorlh, 
/ Phys it Colloid Ckein , 51, I7I (1917)) 


tween buffer and protein, and a direct current is applied The tempera* 
ture IS controlled near 4®C (since this is the temperature at which the 
density of W'ater is maximal), thereby reducing the influence of convection 
currents The migration of the boundary is observed by measurement 
of changes m the refractive index m the electrophoresis cell To accom- 
plish this, use IS made of the optical technique known as the "schheren 
method” (p 37), discussed previously in connection with tlie measure- 
ment of the rate of sedimentation of proteins Various modifications of 
this optical method have been used in electrophoretic studies^'* 

If the solution contains a single protein which migrates to the cathode 
under the conditions emplojcd, the photograph of the schheren diagram 
after a given time interval will show that tlie boundary has moved 
upward into the left channel (ascending boundary) and has moved 
downward in the right channel (descending boundary) As will be noted 
from Fig 12, the electrophoretic diagrams are usually turned through 
an angle of 90® for graphic representation The rate of electrophoretic 
movement (“mobility”) is expressed m terms of distance per time m a 
unit electric field (potential gradient, I volt per cm) and is characteristic 

lOL G Longswortb, Chem, 23^346 (1951) 
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of the protein under the specified conditions of pH and ionic strength 
TJie mobilitj u equals cm per sccAolt per cm, and is gnen in units of 
cm“sec“^\olt“i convention, u is given a plus sign if the protein 
mov es tow ard the cathode, and a minus sign if the protein migrates tow ard 
the anode In Fig 13 is shown the inobilitj of /S-lactoglobuIin as a 
function of pH 



Fig 13 Electrophoretic mobilitj of p lactoglobulm as a function of pH [From 
K 0 Pedersen Biochcm J 30, 961 (1936) I 

If a solution contains 2 proteins of qualitatnclj similar (eg, posi- 
tive) charge but of different electric raobilit> at a given pH, the 2 proteins 
will advance toward the cathode at different rates, and the schheren 
diagram will show two peaks The application of electrophoresis to the 
study of mixtures of proteins has been cspeciall> fruitful in the examina- 
tion of mammalian plasma As will be seen from Fig 14, at least 6 pro- 
tein peaks are noted when plasma from normal human subjects is sub- 
jected to electrophoresis 

Electrophoretic separation of the protein components of a mixture can 
frequentlj be performed on a large amount of material in an appropriate 
apparatus Such instruments are described in the article bj Svensson ” 

Even when a protein is purified to the point where an electrophoretic 
analysis at a given pH shows only one peak in the schheren diagram, 
one IS still not justified in stating that the protein is pure The result 
merelj indicates tliat, under the particular conditions employed, all the 
protein material in the solution behaves as though a single electrical 
species IS present Often it is found that a protein preparation w hich gi\ es 
onlj one peak at a certain pH exhibits more than one peak if the experi- 
ment is conducted at another pH value, and it has become general prac- 
tice, therefore, to examine the electrophoretic behavior of purified proteins 
Scensson Adtances in Protetn Chem, 4^ 251 (1948) 
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at se\eral, widely separated pH values at \\hich the protein is Lnown 
to be stable If a single boundary is obsor\’cd under all these conditions, 
the investigator is justified in claiming that his preparation is electro 
phoretically homogeneous He ^\ould be o\crbold verc he to claim that 
the protein is “pure,” i c , that the preparation is composed of a single 
molecular species 



fl 0 14 Electrophoretic patterns of diluted human plasma at pH 80 The most 
rapidb moving component is the albumin (A), followed b> the oi- and ea-globuliiu, 
/3-globuhn, fibrinogen ( 0 ), and -y-globuhn [From L G Longsworth, Chem Revi, 
30,323 (1912) ] 

A valuable test for tlie homogeneitj of a protein migrating as a single 
electrophoretic component is the observation of the boundary on ^e^ersal 
of the current (“reversible boundarj- -spreading test”) If the boundary 
IS duo to a species TSith a single mobility, the schlieren diagram mil not 
be sharpened nhon the current is reversed If tlie boundary is sharpened 
appreciably, the protein component may be considered heterogeneous 

An important recent modification of the electrophoretic technique 
invohes the migration of proteins (and of other charged molecules) m 
an electric field passing through a solution supported by material such 
as filter paper strips, silica gel, starch gcl, or glass povder A diagram 
of the type of apparatus usually employed is shown in Fig 15 *1^'® 
method, frequently termed “zone electrophoresis” or “lonophoresis,” per* 
raits the ready separation of components of different mobility into zones 
that can be identified and from which the individual components can be 
extracted Zone electrophoresis has proved useful for tlie study of serum 
proteins,^" and for the separation of partial cleavage products of proteins 
(p 145) and of nucleic acids (p 199) 

12 A Tiselius and P Flodm, Advances m Protein Chem , 8, 461 (1953) , 0 Smdbjes 
Biochcm J , 61, 629 (1955) 
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Another method for the separation of proteins is that of electrophore- 

sis-con\ection/^ i\hich imohes a combination of horizontal electric 

transport and \ertical con\ective transport The construction of the 




I 





Fig 75 Diagram of apparatus for zone electrophoresis A, concentrated salt solu- 
tion B, buffer solution, C, filter paper soaked tn buffer solution, D, filter paper, 
silica gel, or starch gel suitably supported bj means of glass plates or of a tray 


apparatus (Fig 16) emplojcd in this method is such that the individual 
proteins distribute themsehcs in a horizontal electric field The protein 
molecules set up a horizontal densit} gradient which leads to convection, 



Fig 16 Schematic representation of electrophoresis-con\ ection apparatus (Cour- 
tes> of J G Kirkwood ) 

and the proteins with a higher mobility then mo\e down into the -vertical 
channel, w here they descend under the force of gra\ itj , and are collected 
in the lower horizontal chamber 

13 J R Cann and J G Kirkwood, Cold Spnng Harbor Symposia Quant Biol 14, 
9 (1949) 
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(nierac+fon of Proteins with lons^^ 

In what has gone before, primary attention was given to proteins as 
acids and bases, i e , to reactions in which hydrogen ions arc released or 
taken up It is obvious, howe\er,that inorganic cations (e g , Ca 2 +, K+) 
can combine with basic groups in the same manner as does H+ The 
binding of such inorganic ions by proteins is of considerable physiological 
importance, thus, approximately 30 to 50 per cent of the inorganic 
calcium m mammalian blood is bound to plasma proteins In general, 
it may be assumed that the inorganic cations are bound by the carboxy- 
latc ions of proteins, and, in the case of the phosphoproteins, also by the 
phosphoryl groups attached to serine hydroxyls 

To the interaction of cations \vith the carboxylate ions of ammo 
acids and proteins must be added the ability of several heavy metal 
ions (Cu-+, Co-+, Mn^^, etc) to form “chelated” (Greek chela, 
clai\) coordination complexes with ammo acids Thus, the glycinate 
ion (NH2CH2COO") forms a complex with cupnc ion Histidine is 
of special interest in this connection, since it forms an extremely stable 
chelated complex with the cobaltous ion (Co-+) , the imidazolyl group 
of histidine also binds Zn2+ 10ns readily 


0 =:C 0 - -0— c=o 

1 I 

CH2— NHj HjN— 'CHj 
Copper diglyeinate 


Inorganic anions such as phosphate and thiocyanate combine with 
positively charged groups on protein molecules Thus the number of 
equivalents of metaphosphoric acid (HPO3) bound by egg albumin 
agrees with the number of positively charged groups on the protein It 
has long been knowm that proteins also combine with the anions derived 
from organic acids Thus picnc acid, sulfosahcylic acid, and trichloro- 
acetic acid all combine with proteins to form insoluble precipitates The 
last of these reagents is widely used ds a means of deproteinizmg n 
biological fluid In the study of the interaction of proteins with organs’ 
anions, use has been made of organic dyes such as methyl orange, whose 

1^1 M Klotz, m H Neurath and K BaiUy, The Proteins, Vol IB, Chapter 8 
Academic Press, New York, 1953, F R N Gurd and P E Wilcox, Advances tn 
Proletn Chem , 11, 311 (1956) 
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mass action Ian, and it can bo sbonn that 


IPA.l 

11>A,-,I[AJ 





Hg 18 Extrapolation to deter- 
mmc the maximum mimbor of 
small ions bound bj a protein (for 
definition of coordinates, see text) 


where It is the association constant for an> one of the successu e reactions 
PA,_i + A PA„ n IS the total number 
of binding sites (assumed to be equna 
lent), and K is an intnnsic constant which 
IS assumed to be the same for anj site 
combining with 1 molecule of A Hr is 
defined as the number of moles of bound 
A per mole of total protein, it can be 
shown that r/fA] = Kn ^ Kr Hence a 
plot of r/[A] against r should be a straight 
line with an intercept on the r axis 
{r/(A] = 0) equal to n (cf Fig 18) 
Tins relationship has permitted the d^ 
termination of n forseieral lon-protein 
interactions, for example, thebmdingof 
the methyl orange anion bj serum al 
bumm gaxcaxaluoof n = 22 In some 
cases, as in the binding of Cl” by scrum albumin, account must be taken 
of the electrostatic interaction between bound and unbound ions 
It IS of interest that binding of ions bj proteins occurs at pH xalue*’ 
at which the net charge of tlic protein is of tlio same sign as that of the 
bound ion This must bo attributed to the interaction of an ion with a 
single oppositely clmigcd group of the protein Also, in addition to 
purely electrostatic forces acting between oppositely charged ions, there 
arc interactions that may be attributed to nonpolar groups of proteins 
(eg, the side chains of leucine, phcnjlalanine, serine) Numerous m 
stances are known of the binding of neutral molecules such ns decano, 
cholesterol, and other steroids bj scrum albumin'® These "xan der 
\yaals interactions" arc probably of importance in the transport b> t 6 
plasma proteins of watcr-insoluble compounds 
Reference has alreadj been made to protein-protein interactions m t ® 
isolation of proteins (p 21) and m the determination of their molecular 
weight (p 43) Although the nature of the bonds that are formed au 
broken in these interactions is not known, it is piobable that the electro 
static interaction of oppositely charged ions is involved, in addition r* 
more specific forces based on molecular structure Such specific protein 
protein interactions are of importance in antibody-antigen reactions 
(Chapter 30) and m other processes such as the combination of the en 

15 J A Schellman et al , / Am Chem Soc, 76, 2808 (1954) 




AMINO ACIDS AND PROTEINS AS ELECTROLYTES 


III 


zymc trypsin Tvith a specific inhibitory protein (Chapter 29) Perhaps 
the clearest evidence of the spccificitj of interactions involving protein 
molecules is found in the combination of enzjme proteins with their sub- 
strates (Chapter 10) 


The Gibbs-Donnan Effect 

Another property of proteins that is mfiiienced b> their net electric 
charge is their effect in causing an unequal distribution of diffusible ions 
on cither side of a membrane through which proteins cannot pass As an 
example, one ma> picture a model system in which on one side of a 
membrane there arc protein molecules (concentration Cj) of net nega- 
tive charge (P“) and an equivalent concentration of Cj of diffusible 
cations (eg, Na+), while on the other side of the membrane there are 
the diffusible ions and Cl" (concentration of each ion Cg), which 
penetrate the membrane in pairs Since there is a concentration gradient 
of Cl", this ion will diffuse into the protein solution, m order to maintain 
electric ncutrahtj, an equivalent quantit> of Na+ must also pass into 
the protein solution However, this will tend to establish a concentration 
gradient of Na+ and to promote the diffusion of from the protein 
solution A stendj state will be attained at which the concentration 
gradient of Cl" toward the protein solution is balanced b> the concen- 
tration gradient of Na+ outward from the protein solution This steady 
slate IS usuallj termed the “Gibbs-Donnan equilibrium/’ because it is 
based on Gibbs’ thcor} of equilibria and was studied expenmcntallj 
bj Donnan 


A 

B 


A 

B 

Na+(c,) 

Na+(C2) 


Na+(ci + x) 

Na+(C 2 - x) 


C1-(C2) 


P-(c,) 

Cl-(x) 

Cl-fe - x) 


Initial state Final state 


If one assumes that volumes .1 and B are equal, and do not change, 
tlicn at equilibrium tlic following equation must npph 

c„2 

(ci + x)x = (c 2 - xy or a; = — 

Cl -h 2 c2 

This value of x mav bo inserted in the equation for the ratio of NaCI 
concentrations m solutions B and A 

[NaCll/t ^ [Clio _ , c, 

[NaCtl^ ICliA I 

This equation stntc*^ that tlic ratio of concentration of NaCl on either 
«idc of the membrane is equal to unitj plus tlic ratio of concentration 
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mass action law, and it can be shown that 


IPA.l , n - (t + 1) 
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where L, is the association constant for any one of the succcssne reactions 
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small Jons bound b> a protein (for 


PA,_i + A ;=i PA„ n js the total number 
of binding sites (assumed to be equna- 
lent), and K is an intrinsic constant which 
IS assumed to be the same for any site 
combining mth 1 molecule of A If r is 
defined as the number of moles of bound 
A per mole of total protein, it can be 
show n that r/[ A] = A-n — A.r Hence a 
plot of r/( A] against r should be a straight 
line with an intercept on the r axis 
(r/(A] = 0) equal to n (cf Fig 18) 
This relationship has permitted the de- 
termination of n for several lon-protem 
interactions, for example, the binding of 


definition of coordinates, see text) the methyl orange anion by serum al- 


bumin gave a value of n « 22 In some 
cases, as m the binding of Cl- by serum albumin, account must be taken 
of the electrostatic interaction between bound and unbound ions 


It IS of interest that binding of ions by proteins occurs at pH values 
at wduch the net charge of the protein is of the same sign as that of the 
bound ion This must be attributed to the interaction of an ion w ith a 


single oppositely charged group of the protein Also, in addition to 
purely electrostatic forces acting between oppositely charged ions, there 
are interactions that may be attributed to nonpolar groups of proteins 
(e g , the side chains of leucine, phenylalanine, serine) Numerous in- 
stances are known of the binding of neutral molecules such as decanol, 
cholesterol, and otlier steroids b> strum albumin” Thc'c "\an der 
Waals interactions" are probablv of importance in the transport by the 
plasma proteins of water-insoluble compounds 

Reference has already been made to protein-protcm interactions in the 
isolation of proteins (p 21) and m the determination of their molecular 
weight (p 43) Although the nature of the bonds that arc lormcd and 
broken in these interactions is not known, it is probable that the electro- 
static interaction of oppositely charged ions is involved, m addition to 
more specific forces based on molecular structure Such specific protein- 
protcm interactions are of importance in ant 2 bod>-antjgen reactions 
(Chapter 30) and in other processes such as the combination of the en- 


15 J A Schellraan et at J Am Cfiem Soc,76, 2808 (1954) 
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zyme trypsin T\ith a specific inhibitory protein (Chapter 29) Perhaps 
the clearest evidence of the specificitj of interactions invohmg protein 
molecules is found in the combination of enzjme proteins ^Mth their sub- 
strates (Chapter 10) 


The Gibbs-Donnan Effect 

Another property of proteins that is influenced b> their net electric 
charge is their effect in causing an unequal distribution of diffusible ions 
on either side of a membrane through uhich proteins cannot pass As an 
example, one may picture a model sjstem in winch on one side of a 
membrane there are protein molecules (concentration Cj) of net nega- 
ti\e charge (P“) and an equnaltnt concentration of cj of diffusible 
cations (eg, Na+), while on the other side of the membrane there are 
the diffusible ions Na+ and Cl“ (concentration of each ion Co), which 
penetrate the membrane in pairs Since there is a concentration gradient 
of Cl*, this ion will diffuse into the protein solution, in order to maintain 
electric neutrahtj, an equualent quantit> of Na+ must also pass into 
the protein solution Howe^er, this will tend to establish a concentration 
gradient of Na+ and to promote the diffusion of from the protein 
solution A stead} state will be attained at whicli the concentration 
gradient of Cl^ toward tlie protein solution is balanced b} the concen- 
tration gradient of Na+ outward from the protein solution This stead} 
state IS usually termed tlic “Gibbs-Donnan equilibrium," because it is 
based on Gibbs’ theory of equilibria and was studied experimentally 
b} Donnan 


A 

B 


A 

B 

Na+(ci) 

Na+(c2) 


Na+fci + x) 

Na+(c 2 — x) 

P'(C.) 

ci-fe) 


P-(ci) 

Cl-(a:) 

Cl-fe - x) 


Initial state Pinal state 


If one assumes tliat \olumes A and B are equal, and do not change, 
then at equilibrium the following equation must apply 

(ci + = (cj - or X = — 

Cl + 2 c 2 

This \alue of x iTia\ be inserted in the equation for the ratio of NaCI 
concentrations in solutions B and A 

[NaCllfl _ [CI~1 b _ C2 — X _ 1 , cj 
[NaCl]^ [Ci-U ■" X ~ C 2 

This equation states that the ratio of concentration of NaCl on cither 
side of the membrane is equal to unit} plus the ratio of concentration 
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(m equivalents) of protem in A and the initial concentration of salt m 
B The greater the equivalent concentration of protem, the more uneven 
will be the final distribution of the diffusible ions It folloivs al«o that, 
the greater the disparity in the total concentration of ions on either 
side of the membrane, the greater will be the osmotic pressure at the 
steady state The Gibbs-Donnan effect always incre8*!cs the osmotic 
pressure, and the magnitude of the effect is decreased by raising the 
salt/protein ratio For this reason, the determination of molecular weight 
by osmotic pressure measurements (cf p 321 is best conducted m the 
presence of relati\ ely high salt concentrations 
If instead of Na+ one considers H+ as the diffusible cation, the 
Gibbs-Donnan effect will lead to tlic establishment of a pH difference 
on either side of tlie membrane, solution B will be more alkaline than 
solution A On the other hand, at a pH at which the net charge on the 
protem is positi\e {P+) and ‘Jolution A contains an equivalent con- 
centration of Cl~ at the initial state, the Gibbs-Donnan effort will be to 
make solution B more acid At the isodcctnc point of the protein, the 
Gibbs-Donnan effect will be at its minimum 
In biological sjbtcms, concentration gradients of diffusible ions are 
frequently observed to be of importance in the maintenance of norma) 
physiological function Although it is probable that the Gibbs-Donnan 
effect maj plaj a role in some sjstems (eg, in mammalian blood), it 
should be stressed tliat living cells represent dynamic systems m which 
the energj for the maintenance of a concentration gradient is derived 
from intracellular chemical reactions (see Chapter 36) 
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Ammo Acid Analysis of Proteins 

In a consideration of the structure of proteins, it is essential to kno^ 
tlic proportion of cacli of tlic aarious ammo acids formed upon hjdrol- 
>8is This information can then be used to calcuhtc the number of 
units of each kind of ammo acid constituting the protein molecule, 
proMded the inctliod of li>droI>sis is one that docs not invohc the 
destruction of anj of the ammo acids As noted preMOUsl} (p 47), 
acid hjdroljais causes complete destruction of trj'ptophan and pirtial 
destruction of tlic li>dro\aamino acids Also, it is frcquentlj observed 
that ammo acids such as isolcucinc and valine arc released more slouI> 
than others For those reasons it is advi'-ablc to nnaljze hjdrolj sates 
obtained after difTcrcnt period's (eg, 12 hr, 24 hr) of acid treatment at 
100° C, to penult correction for the destruction of some ammo acids, and 
for the «lo\\ release of others In addition, a separate determination of 
trvptophan must be made on an alkaline iijdroljsate of tlie protein 
under studj 

The problem involved in the nimno acid nnaljsis of a protein lijdrolv- 
sate IS tiiat of estimating quantitativ el> each of as manj as 20 different 
ammo acid*? in a mivture There arc few aspects of protein chemistrj 
that have been the object of more intensive studv Nearly all the 
great names of protein clKini'trv , Osborne, Tisclicr, Ko«scl, Bcrgmnnn, 
Van Slvkc, to mention Init a few, were associated with research m tins 
field during the period 1900-1940 Among the oklcr nnal>tical methods 
arc that of Kmil Fischcr, involving convcfs-ion of the ammo acids into 
tlicir tthvl esters, winch ma\ be subjected to fractional distillation, 
Ko'-scl’s separation of the I)a«K ninino acids hv precipitation vMth «il\cr 
ions followed hv pho-photimpstic acid, and ^ m Plvkc’s method for the 
nartition of the nitrogen m a protein hadroUsate Thc'^c procedures, and 
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«ome of their modifications; are well described in Gortner’s textbook^ 
Though extremely important m the historical development of protein 
chemistry, these methods provided reliable analytical procedures for on!> 
a few of the protein ammo acids, tliey did not achieve the objective of 
accounting for all of the nitrogen of a protein in terms of the individual 
amino acids lormcd upon hydrolysis Nevertheless, during the period 
prior to 1940, a number of techniciues were devised which arc stih useful 
today 

It will be recalled that some ammo acids, such as cystine and tyrosine, 
are sparingly soluble at neutral pH values, and the early investigators 
were able to gam a rough estimate of the amount of these ammo ncidfe 
in some proteins by taking advantage of this property The fact that 
certain ammo acids form sparingly soluble salts provided the basis for 
the estimation of glutamic acid (as tlic liydrochlondc) , arginine (as the 
flavinnatc), lysine (as tlic picrate), and histidine (as tlic silver salt) 
The selective precipitation of ammo acids from a protein hydrolysate 
reached a high point in the w'ork of Max Bcrgmann during flic period 
1940-1942, when he and his associates described an extensive senes of 
aromatic sulfonn acids that could be used for the selective precipitation 
of ammo acids® Out of thc'^o efforts there was developed tJic so-called 
“solubility product method," which may be described briefly as follows 
If to a sample of a h> drolysatc one adds a know n quantity of the i -leucine 
salt of a sulfonic acid (jS-naphthalcncsulfonic acid), a certain amount 
of the salt will dissolve, this amount may be designated Si According 
to the solubility product law, Sj (A + Sj) “ Kj, whore A is the amount 
of L-leucmc m the hydrolysate, and Ki is a constant characteristic of 
L-leucmc napbtbalencsulfonate under the particular conditions employed 
Now, if to a second sample of the hydrolysate one adds an amount R of 
the sulfonic acid, insufficient to cause precipitation, and again adds a 
know n quantity of tlic salt, a given amount of the salt (Ss) will dissolve 
Under these circumstances, the equation (H + (A 4* So) Ks will 
apply If the solubility product lawr is obeyed, Ki should equal Kzt 
-Sj (A + 5i) = (i? -f -Ss) (A + Ss) Since in the last equation all the 
terms arc known except A, the quantity of leucine m the hjdroUsate, 
this can be calculated readily Unforlunatelj , this ingenious method 
euffers from a number of disadvantages which limit its applicabihtj In 
the first place, /vj docs not, m general, equal Ko, and, second the method 
13 fairly laborious For these reasons, and especially in view of the Inter 
development of better procedures, l^e solubility product method has 
not been used widelj It is important to stress, however, that a b>- 

J R A Gortner. OuUwes of Biochemulrv, 3rd Fd , Chapter 13, John W i!ey <S. Song. 
Kevv York, 1949 

H Stem upd S Moore Ann N Y Acad Set, 47, 95 (19^10) 
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product of the research on this method ^as the description of %aluable 
sulfonic acid reagents for the isolation of a number of ammo acids from 
protein hjdrolysates 

Chromatographic Analysis of Protein Hydrolysates A decisive ad- 
vance in ammo acid analysis came in 1941 when iMartin and S>nge 
introduced the techniques of chromatograph)"^ into this field Although 
chromatography was first studied by Schocnbcm in 1861, its develop- 
ment as a systematic method came from the work of the Russian bota- 
nist Michael Tswctt, m 1906^ Tswett was interested in separating the 
loaf pigments, which include the chlorophjlls He reported 

If a petroleum ether solution of chlorophjll is filtered through a column of an 
adsorbent (I use mainlj calcium carbonate which is stamped firml) into a narrow 
glass tube), then the pigments, according to their absorption sequence, arc 
resolved from top to bottom into various colored zones, since the more stronglj 
adsorbed pigments displace the more weaklj adsorbed ones and force them 
farther downwards This separation becomes practicallj complete if, after the 
pigment solution has flowed through, one pa<5scs a stream of solvent through 
the adsorbent column Like light rajs in the spectrum, to the different com- 
ponents of a pigment mixture are resolved on the calcium carbonate column 
according to a law and can be estimated on it quahtativelj and al&o quantitative!) 
Such a preparation I term chromatogram and the corresponding method, the 
chromatographic method 

It is sclf-cvadent that the adsorption phenomena described are not restricted 
to the chlorophjll pigments, and one must assume that all kinds of colored and 
colorless chemical compounds arc subject to the same laws 

From this description, it will bo clear that the method devised b) 
Tswctt depends on the establishment of an equilibrium between a solid 
{calcium carbonate) and liquid (petroleum ether) phase (cf Fig 1) 
The rate of movement of the zones depends on the relative extent to 
which the components of the mixture arc adsorbed bj the solid, this 
tj pc of chromatograph) isusuall) denoted “adsorption chromatograph) ’’ 

The first of the methods introduced b) Martin and S)nge involved 
the cstablisiimcnt of an equilibrium between two liquid phases, one of 
which IS immobilized b) being held in the form of a gel Thus chloro- 
form was emplovcd as the mobile liquid phase, and water bound to 
silica gel formed the stationar) liquid pliase Since the free ammo acids 
are insoluble in chloroform, the) were converted to the acct)lamino 
atids, winch are soluble in the organic solvent The rclitivc rates of 
movement of the acetvlnmino acids were found to depend on their 
jiartilion cotflicicnts, ic, the tquihbnum ratio of the concentration (in 
grams per liter) of a solute in water to that in tlie organic solvent, when 

lotlcrcr and M lodcrcr, Chromalographi/, 2n(l Ed FI cMcr PublisliiDg Co 
Am«Ur«Inm 19^7 

Zcdinioivtcr Ann A 1 Acad Set, 19, 145 (191S) 
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an aqueous solution of the solute is shaken mth the organic solvent 
The method first introduced by Martin and Synge permitted the separa- 
tion, m 80 to 100 per cent yields, of the acetyl derivatives of prohne, 
valme, phenylalanine, isolcueine, and norleucme Hon ever, the necessity 
tor the acetylation of the amino acids m a protein hydrolysate intro- 
duced a factor that would make the analytical data uncertain, since 
one could not be sure that the acetylation had been quantitative 



fig 1 Schematic icprescnlation of cbromatogrophic separation of three substances 
on a column of adsorbent The successive diagrams indicate the separation of the 
‘iiibstances ns soli cut is passed through the column (From W H Stem and S 
Moore, Set American, March 1951 ) 

Obviously, it was desirable to devise a method that would permit the 
chromatographic separation of the free amino acids This was achie\ed 
in 1944, when Iilartin and Ins associates described a technique involving 
the use of strips or sheets of filter paper to support the stationary water 
phase and employing a wide variety of solvents as the mobile organic 
phase ® Among the solvents used by Martin and subsequent investigators 
are collidine, n-butanol, n-propanol, phenol, acetic acid, and isobutjne 
acid This procedure is termed "paper chromatography" and is usually 
conducted in the following manner A pencil line is drawn about 5 cm 
from one end of a long strip of filter paper (20 to oO cm), and about 
0 005 ml of an amino acid solution (containing about 001 mg of ammo 
acid) IS applied to a spot at the pencil line Tlie paper strip is suspended 

5A J P Martm, Ann N Y Acad Set, 49, 219 (1948), R Consden Bnt Med 
Bull, 10, 177 (1954) 
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in a cj Under (or some other suitable glass container) ^hich contains a 
small amount of the organic sohcnt saturated ^\ith ^ater The end 
of the paper nearest the pencil line is inserted into this solvent-i\ater 
mixture in the bottom of the cj Under, the paper being so arranged that 
it hangs freelj in the c\ Under without touching the sides of the chamber 
Thus the sohcnt will ascend into the paper, tins procedure is termed 
"ascending paper chromatograph} ” An altcmatl^e arrangement is to 



Fig 3 CroM section of apparatus for descending piper chromatography (left-hand 
diagram) and for ascending paper chromilograph> (right-hand diagram) 

insert the end of the paper strip into the sohent mixture placed in a 
narrow trough mounted near the top of the cylinder, here the sohent 
descends into the paper (“descending paper chromatograph} ”) The 
assembi} commonl} emplo}ed for paper chromatography is shown dia- 
grammatical!} m Fig 2 In either method the chromatography proceeds 
in an atmosphere saturated with both water \apor and the \apor of the 
organic sohent In the course of a number of hours the adiance of the 
soh ent front er the filter paper may rcadil} be seen When the soh ent 
front has progressed a suitable distance (about 40 cm m 24 hr), the 
paper strip is remoied from the c}hndcr, and the distance of the sohent 
front from the pencil line is measured The paper is then dried, and 
sprayed with a dilute solution of ninli}dnn in n-butanol It will 
be recalled that this reagent gues colored products with ammo acids, 
the colors aar\ from purple to orange with different amino acids Thus, 
whcre^er an ammo acid is adsorbed on the dried filter paper, the nin- 
h}drin treatment will gne a colored spot The ratio of the distance 
tra\ cled b} the ammo acid responsible for the colored spot to the distance 
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of the solvent front from the pencil line is characteristic of a given amino 
acid under a given set of experimental conditions It is termed the 
value for that ammo acid under the conditions employed Por a discus- 
sion of the theoretical basis of Rr, see Martin ® As the organic solvent; 
or the nature of the filter paper, or the temperature is varied, a given 
ammo acid may be expected to gi-ve different Rj, values (Table 1) 


Table I Approximate R^ Values of Ammo Acids 
(Whatman No 1 Papfr) 



Phenol- 

Collidme- 

Butanol-Acetic 

Isobutvnc 

Acid- 

Ammo Acid 

Water 

Water 

Acid-Witer 

Water 

Glycine 

0 36 

026 

0 26 

0 34 

Alanine 

0 55 

0 32 

OSS 

0 42 

Valine 

0 72 

043 

060 

063 

Leucine 

0 80 

055 

073 

077 

Isoleuome 

0 83 

0 53 

0 72 

074 

Serine 

0 30 

030 

027 

0 32 

Threonine 

0 43 

0 32 

0 35 

0 41 

C> Stine 

0 24 

on 

DOS 

014 

Mctluonme 

0 74 

053 

055 

063 

Prolinet 

0 83 

034 

0 43 

0 55 

Aspartic acid 

022 

023 

0 24 

057 

Glutamic acid 

0 23 

027 

030 

033 

Phenyldlanmt 

0 83 

054 

0 68 

070 

Tyrosine 

0 55 

0 59 

0 45 

047 

Tryptophan 

0 71 

069 

0 50 

0 63 

Histidine 

0 62 

030 

020 


Arginine 

0 54 

017 

020 


Ly'sine 

0 41 

Oil 

014 



t Gives j elIoi\ spot wth nmhydnn 


If in place of a strip of filter paper a sheet is used, the solution con- 
taining an amino acid mixture is placed at one corner of the sheet, the 
components of the mixture may then be separated chromatographicallj 
along one edge of the sheet by means of one pair of solvents (e g , phenol- 
^vater) The paper is then dried and turned through 90°, and chromatog- 
raphy IS effected with a different pair of sohents (e g , colhdine-tvater), 
in a direction perpendicular to that used first Upon treatment of 
the dried sheet with ninhjdnn, a “two-diraension«il” chromatogram 
(Fig 3) is obtained m which there is considerable separation of the 
spots corresponding to the individual ammo acids Both one-dimensional 
and t^o-dimensional paper chromatography have been of great value 
not only m amino acid chemistrj but also for the separation of a large 
variety of closely related substances of biochemical inteiest Paper 
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chromatograph) is used for the identification of substances bj 

comparison of their Rj. \alues in se\cral sohents nitli those of authentic 
samples of knoivn compounds Although the identity of such Rp \alues 



Fig 3 Two-dimeosional paper cliromatographj of a mixture of ammo acids 
For description of procedure see text 



Fig 4 Diagram of apparatus for combined paper chroraatographj and electro- 
phoresis 

ma> be taken as exidence m fa\or of identiU of structure, dependence 
on paper chromatograph) alone occasional!) ma) be misleading If 
sufficient material is axailable, other criteria of identit) (eg, mixed 
melting point, infrared spectra, dcmatiaes) arc desirable 
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An interesting combination of vertical paper chromatographj and 
horizontal electrophoresis has been developed In this method,® a solu- 
tion containing the mixture is placed at the top of a paper sheet, as the 
components separate vertically by chromatography, the charged mole- 
cules migrate laterally m the electric field, as shoi\n in Fig 4 

Paper chromatography is a simple technique for the qualitative iden- 
tification of amino acids, and it has been used as a scmiquantitati\e 
procedure as v-ell It is not ideally suited, however, to the quantitative 
estimation of the ammo acids in a protein hydrolysate Tins was achieved 
by Stem and Moore,^ who used partition chromatography on starch, 
instead of paper, to support the stationary aqueous phase In this 
method, a column of starch is fir«t equilibrated with a solvent such as 
butanol-water, and then a sample of the protein hydroijsatc dissolved 
in aqueous butanol is added at the top of the column (Fig 5) The 
equivalent of about 3 mg of protein is sufficient After the introduction 
of the hjdroljsate, more of the solvent is passed through the column, 
as in TsweW's procedure The individual ammo acids are adsorbed on 
the surface of the starch particles and slowly move through the column 
at rates that depend largely on their chemical nature and on the solvent 
s>stem used Under favorable circumstances, tliesc differences in rate 
may be so great that each of the ammo acids emerges from the column 
separately An important aspect of the method is the use of an apparatus 
invented by Stem and Moore for the automatic collection of small ali- 
quots of the effluent solution These aliquots are then analyzed for their 
arnino acid content by a quantitative colorimetric method, uith mnhjdnn 
as the reagent In this way the successive appearance of the separate 
ammo acids m the effluent solution may be followed accuratel> In 
Fig 6 IS shown the result of the chromatographic fractionation of a 
hydrolysate of about 2 5 mg of bovine serum albumin It will be seen 
that most of the ammo acids emerge from the column separately, in 
those instances where two or three amino acids move together in the 
column, that fraction may be rechromatographed with a different solvent 
mixture known to separate the constituent ammo acids The area under 
each peak in Fig 6 corresponds to the quantity of the ammo acid m tlic 
sample of the protein hydrolysate, from this curve, therefore, one may 
calculate the concentrations of the ammo acids in the hydrolysate 

Chromatographic separation on silica gel, paper strips or sheets, or 
starch columns is usually considered to be due to partition effects How- 
ev er, the bchai lor of many substances on these materials, especially 

BE L Durrum, / Am Chem Soc, 73 , 4875 (1951), W Gras^mann et al, Z 
physiol Chemj 299, 258 (1955) 

H Stem and S Moore, Cold Spnng Harbor Symposm Quani Biol, 14, 179 
(1919), J Biol Chem, 176, 337 (IMS), 178 , 79 (1949) 
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paper or starch, suggests that adsorption phenomena also play a role 
Adsorption probably also contributes to the effectiveness of zone electro- 
phore&is on paper or starch (cf p 108) 

In addition to adsorption chromalography and partition chroma- 
tography, a third general method, m which lon-exchange resins are used, 
has proved extremely useful for the separation of ammo acids and of 
other substances of biochemical interest Two types of polymeric ex- 
change resins are available (I) cation exchangers, which are either 
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Solvent change 

Eflluenl cc 

rjg A Chromatographic fnctiooatioa on a starch column of a hjdroijsatt of bovin? 
serum albumm So!\ent3, 12 1 n-butanol-n-propanol-0 1 N HCi, and 2 1 n-pro- 
panol-05 N HCl (From W H Stem and S Moorct) 

polysulfomc resins (Dowex 50, Amberlitc IR-100, etc ) or polycarboxyhc 
re'jins (Amberhte IRC-SO, Zeo-Karb 216, etc ), and (2) anion exchangers, 
which are polyamine resins (Dowex 2, Amberhte IR-410, etc) The 
action of a cation exchanger m exchanging one ion (e g , Na+) for another 
(NHa+R) IS 

Resm— SO 3 - Na+ + NHa+R Resm'-SOa' NH 3 +R + Na+ 

Similarly, the action of an anion exchanger may be showm as 
Resm— NR 3 + OH- + R'COO" Resm— NR 3 + R'COO- + OH- 

Although the use of starch columns solved, in principle, the problem 
of the complete ammo acid analysis, of proteins by means of a single 
procedure, this method has given way to lon-exchange chromatographj 
of protein hjdrolj sates wuth polysulfomc resms such as Dowex 60 
(p 47), also developed by Moore and Stem® The resm is first equi- 
librated with a suitable buffer, and a sample of the protein hj-drolysate 
(from ca 2 5 mg protein) is introduced The chromatogram is developed 

8 S Moore and W H Stem, / Bi(4 Ckem , 192, 663 (1951) , 211, 893 (1954) 
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by the continuous addition of more buffer, and b> changes in the tem- 
perature of the column, and in the ionic strength and pH of the buffer 
(cf Fig 7) The procedure has been impro\ed further bj eflecting 
continuous \anation of tlie buffer solution (“gradient elution”) The 
analjtical data for an acid hjdroljsate of pancreatic ribonuclease® are 
gi\en in Table 2 It be noted that the sura of tlic grams of amino 




fig 7 Separation of a mixture of ammo acids on a column (diameter, 09 cm, 
length, 100 cm) of the Na+ form of Dowex 50 (From S Moore and W H Stem 8) 

acid obtained from 100 grams of protein is greater than 100, since the 
elements of ttater enter into the ammo acids in the course of bjdroI\sis 
of the protein For this reason, it maj be preferred to gixe the com- 
position of the protein in terms of molar equivalents of ammo acid or 
of the amount of nitrogen corresponding to each of the ammo acids per 
100 grams of protein nitrogen The latter maj be expressed as per cent 
of protein N, and the analytical data permit one to account for nearly 
9C H W Hits et al J Biol Cbem 211, 941 (1954), 2 19, 623 (1950) 
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Table 2 Amino Acd Compo«.».on of Pancreai.c R.kr.d...' 
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ill of the nitrogen of nhoimclci^c, within the 
mcntil mctliocl The d it \ nn\ be ufO<l for n cilcnl'i irr 
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The ]on-exchange resins also have been used for the separation of 
relatively large quantities of single ammo acids from protein hjdrolj- 
sates^® Polycarboxylic rosins such as Amberlite IRC-SO ha\e been 
used to good advantage for the separation of proteins It will be seen 
in Chapter 7 that lon-exchange chromatography has been valuable for 
tlie study of nucleic acids In general, the introduction of chroma- 
tographic methods involving the use of lon-cxcliange resins has influ- 
enced profoundly many areas of biochemical research 

Other Methods of Analysis of Protein Hydrolysates Another tech- 
nique for the ammo acid analysis of proteins involves the use of micro- 
organisms as biological indicators of the concentration of an ammo acid 
in a protein hydrolysate The organisms that have been used most 
extensively for this purpose arc the so-called “lactic acid bacteria,” first 
studied by Pasteur in 1857, and extensively investigated by Orla-Jensen 
and others during the period 1900-1930 Out of these researches came 
the recognition that Lactobacilli exhibit extremely fastidious nutritional 
requirements and that ammo acids arc included among the many organic 
substances that must bo supplied in the medium m order to permit 
bactonal growth Each of the lactic acid bacteria requires the presence 
of several of the protein ammo acids, but difTcrcnt strains have nutri- 
tional requirements for different groups of ammo acids After careful 
study of the nutritional requirements of a number of lactic acid bacteria, 
it has been possible to select a feu organisms that permit the microbio- 
logical assay of nearly all of the ammo acids found in protein hjdrolj-- 
sates Since, in the course of their metabolism, these bacteria liberate 
acid into the medium, the amount of acid formed m a given period of 
time IS a measure of their metabolic activity Consequently, if the culture 
medium for a given organism meets all the nutritional requirements, with 
the exception of a particular ammo acid, one may study the extent of 
acid production as a function of increasing amounts of that amino acid 
One thus obtains a curve w’hich may then be used as a standard for the 
assay of unknown solutions for that ammo acid (Fig 8) Although 
many organisms are classified as "lactic acid bacteria,” four strains have 
proved to bo especially useful for amino acid anal>sis They are Lacto- 
bacillus arabinosiis 17-5, Ixictobacillus casei, Streptococcus faecalis R, 
and Lactobacillus mesenteroides P-60 ** In addition, "mutant” strains 
(or “auxotrophs”) of less fastidious organisms (eg, Esckenckia coh) 
may be produced (Chapter 16) , many of these strains require individual 

M Partridge Bnl Med Bull, 10, 241 (I$M> 

II N K Boardmaa aad 8 M Parlndgc, Bioehem J, 59, 543 (1955), S Moore and 
W H Stem, Advances tn Protein Chem , 11, J9l (1956) 

12 M S Dunn, Physiol Revs, 29, 2t9 (1919), E E Snell Advances tn Protein 
Chem, 2, 85 (1945) 
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nmino ncicls for grou tli, and maj therefore be used for amino acid anah - 
sj« Wiicn carcfullj controlled, the microbiological assi\ of amino acids 
m a protein indroKtatc has gi\en data in fair accord uith the rc-ults 
obtained b\ otlier mcthod^ It cannot, houc\er, be assigned a liigh 
accuracj 

On p 72, attention nas drann to a number of colorimetric methods 
for the (lualitatne identification of the characteristic side cliains of 
certain of tlie ammo acids Several of thc^c colorimetric methods liave 
been improved bv Brand, who has combined a v inctv of tecliniques, 



fig 8 Microbiological lUV'aj of L-l\ro«joc bj meins of I^ucuno^toc mcscntcroidcg 
The nciil prcnluction «fv niri««re<J after an intubation period of 72 hr [From 
M S Dunn et nl , 7 Hint Chem 156, 7(tt (1911) 1 

involving colorimetric, gravimetric, titnmctnc, and microbiological pro- 
cedure*', to cfTcct a complete anil\«:i« of hvilrolv'-atC" of /J-lactoglobulm 
and of ‘■everni otlicr protein** 

An aiialvtiral approach tint i** theoreticallv the ‘‘oundist of all the 
av ul iblc procedure** for protein analvsi** i*: the ' isotope dilution” 
method lievi'-ed hv 1 o-ter and Uittenltcrg In thi' method, tlie nitrogen 
i>-()lopt of ma*-*- 1 'i (N*') i»* ti'^ciJ, and a v miplc of the npiirojiriale ammo 
and (( g. i-ghitimic icid) i** svnthc'“iM‘il m "uch a manner tint it is 
tnnrlieil with ri'-pict to it»' content If one now adils a known 
cpnntitv ( 1) of till** amino icid (X'® concentration, C’o) to a «ampl( 
Ilf till pnittm h\droI\*it( ind (Inn prticceil-* to l•‘Ol ite a pure ‘•ample of 
tint ammo ind (or a *^uitab!t derivative t, it will he found that the 
i-ol itcel ammo and (after recrv-talliz dion to ron-t int i*-«itoiie concen- 
trition) will hue an concentration C Tlic amount of ammo ncid 

P'lnl \ 1 tcr*/ 17, IS7 (I91G) 

*<!> Hittr anci (i I 1 1 >* *r 7 />i«f C/rri, 133, 737 (1010) , D f-nim nad 
(. 1 Ii-'rr, \rr \ ) If. Y VJ, t7. 119 (laiGj , ^ C biLirflaUy C/rn S.h-, 
l'>32. JiTI 
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Glutamitie, tratmmmation reatstioas, 
762-763 

Glutamjlaminopropjonitnle, 63 
7 -Glutamj I pcpltdes, 138-139, 717-718 
Glutaric acid, 805-S09 
Glutathione, actuation of protcinases, 
701. 705-706 
antiovidant action, 564 
formation, 718, 721, 965 
formula 136 
hydrobsia, 710-711, 718 
m deh>drQascQrbic reductase reaction, 
368 

m formaldcyhde dchjdrogcnaae reac- 
tion, 326 

m glyceraldehj de-3-phosphatc dehj- 
drogena'c reaction 325 
in gl) oxvlase reaction 479 
m oxidatue phosphorj Istion, 385 
otciirrenrc 136 
oxidation, 310 

oxidation-reduction sjstcm, 305 
reduction of oxidiied form, 314-315,1005 
transamidation reactions 718 
turnover, 731 

Glutathione reductase, 314-316. 3C8 
Glutelins, 16-17 742 

0- Gl>ccfaldehydc, action of alcohol de- 

hjdrogenase, 491 
of aldohse, 409 
of g}}cerol(ina«c,6l0 
of transketola^c, 529 
configuration 80 
formation 494 
formula 80, 40-1 
phosphor} lation, 494 

1- -Glyceraldeh>dc 79-gO 
Gliccfaldch}do-3-pho-5phate action, of 

aldolase, 463-469 494 
of glycera1dch}de-3-phosphate dch}- 
drogenase, 324-32S, 372-374 470- 
471 

of transaldolafe 530 
of transkctolase 529-530 532 
of triose phosphate isomerase 469- 
470 

formation, from fructose diphosphate 
4CS-47Q 

from glycerol 6JG 
formula 324 408,530 
m deoxj pentos'* formation 534-535 
m fennenUtions 470-471 476 535-53Q 
ingljcol>gis 490. 491 
m pentose phosphate psthwaj 531-532 
in photos>iilhcsi3 551-652 
oxidation-rcductjon sj stem 327 


GIyecro!deh>de'3-phospbatc deh> drogen- 
ase, action. 316, 320, 323-327 
crjstalhzatioo, 218, 323-524 
formation, 737 

m coupled reactions, 327-328, 373-374 
10 fermentation. 47£M71, 476 
in glycolysis, 490 
m photosy nthesis, 551 
Glyceric acid, 536 
Giycenc dehydrogco'ise, 636 
Glycerokinase 616 

Glycerol, formation from glucose, 467, 
477-47S 

heat of combustion, 227 
incorporation, into phospholipids, 616- 
617 

into triglycerides, 615-610 
lolostmal absorption, 577 
occurrence, 205, 557, 56^-670 
phosphorylation, 616 
Gijeerophosphatase, 579-680, 910 
irtt-Glycerophosphate, action of phos- 
phatases, 478, ^0 
enzymic mridation, 3tG, 318 
formation, from dihydroxyacetoce 
phosphate, 477--17S 
from glycerol, 016 
from phospholipids 680 
formula, 318, 478 
occurrence, W7 

oxidatjon-reduction iQStcm, 327 
/9-GbeerophospJiatc, 26i, 5SI 
Glycerophosphate dehydrogenase, 217, 
316 318-319, 477 

Gly cer> Iphosphorylaminoetbanol, 66S- 
569 580 

Glyccrylphosphoryleholine 568, 579-5S0 
Gly eery Jphosphorylchohnc dicsterase, 
580, 583 


GJycerylphosphorylsenoe, 580 
Glycinamide, 92, 711-712 
Glycinaroidc rJbotide, 890 
Clyeme, as dietary nitrogen source, 726 
breakdown 771-772 
chemistry, 51, 63-54 108, US 
conjugation, 635, 719 729, OOfr-ODl 
conversion, to acetate 777-778 
to creatine, 803-S04 
to serine, 773-776 
deatnmatiOD, 752-753 767-758 
cli^oeiation, 90-92 94, 228 
fermentation, 777-778 
fonnation, 731-732 771-777, 792 
from betamc, 766 
from tholmc 8(S 
from purines, 894-893 



INDEX 


1041 


a*D-Gluco«e-I-phosphate, con\ersion, to 
disaccharides 446-^47, 450-451 
to gIucose-6-phosphate 461-462 470 
to polj saccharides, 441^45 
dissociation, 441 

formation, from disaccharides, 44&-448 
from galactose-l-phosphate, 463--164 
from polj saccharides, 438-439 441- 
445 

formula 439 
hjdroljsis, 450 

p D Glucose-l-phosphate, 147 
Glucose-6-phosphate, conversion, to fruc- 
tose-6-phosphate, 460, 476 
to glucose-l-phosphato, 461-462 490 
to 6 phosphogluconic acid, 310-311, 
313-314 330-335, 625-526 
to poljsaccharidea, 463 
to trehalose phosphate, 465 
formation, from glucose 375, 459-460, 
492--194 

from glucose-l-phosphate, 461-462 
formula, 458 
hjdroljsis 497 581 

Glucose-6-phosphate dchj drogcnasc, 313- 
314 316,526 

Glucose-l-phosphato kioa«e 402-463 
Glutoae-l -phosphate tran«pho«phor> last 
462 

o-Glucosidases, 431, 433, 436 
jS Glucosidases, 276-277, 431-432 
Glucosides, 408-409 451-454 
Glucosone, 537 

Glucuronic acid, conversion to xjlose 
538 

formation, from glucose 537 
from inositol, 544 
formula, 411 
occurrence, 423-425, 428 
UDP-, see UDP-glucuronic, acid 
Glucuronidase 432, 437, 647 
Glucuronide, benzoj 1-, 537 
bilirubin 874 
indole 844 
phen>l- 537 
thyroxine, 832 943 

Glucuronides, formation, 537-638 646 
excretion, 537 
h>droljsis 432 

tran^glycosidation reactions, 454 
Glucuronolactone 539-540 

Glutamic acid, chemistrj 62-63 93 95 
118 

formula 62 

i>-Glutamic acid, metabolism, 762, 769 
occurrence, 81, 138, 749 


irGlutamic acid, breakdown 817-818 
comemion to glutamine, 721 
deamination, 316 752, 754, 759-760 
decarboxj lation, 768 
fermentation 817-818 
formation, 731 
from Y-aniinobutj rate 817 
from glutamine, 710 
from histidine 821-822 
from 1> sine 808-809 
free energ> of formation, 237 
glucogenic action 764 
m glutathione formation, 721 
in nitrogen fixation 675 
m protein metabolism, 765-766 
intercom ersion with arginine, 812-815 
intercom ersion with prolme 812-814 
isolation, 62 114 
metabolism, 812-818 
occurrence, 62-63 125, 207, 817 
m peptides, 136, 141 999-1000 
optical rotation, 79 
relation to citric acid c>cle 502 
transamination reactions, 759-760 762- 
763 765-766 
transport 744-745,817 
Glutamic-alanine transaminase, 760-762 
778 

Glulamie-aspartic transaminase, 760-763 
Glutamic decarboxylase, 271, 767-768 
Glutamic dehydrogenase, 218, 316, 764 
760 765-766 

Glutamic-leucine transaminase, 782-783 
Glutamic-oxaloacetic transaminase, 760- 
763 

Glutamic-pyruvic transaminase, 760-762, 
778 

Glutamic semialdeh>de, 762 813 
Glutammasc 710, 918 
Glutamine, as source of unnarj ammonia 
848 918 

chemistry 62-63 
conjugation 719 825,846 
conversion, to o-ketoglutarate 763 
to 7 -glutamjl peptides, 717-718 
formation 718 721 
formula, 62 
h}drol>sis, 710, 718 
in electrolj te balance, 918 
m histidine formation, 821 
m nitrogen fixation 675 
m purine formation 855, 890-891 
metabolism 752,816-817 
occurrence, 62-63 131 141 
optical rotation 79 
transamidation reactions, 717-718 
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Growth hormone, in lipid mclabohsm, 
902-003 

m protein metabolism, 96S-9C0 
properties, 930, 953 
GTI»,2« 467,735,892 
GuaDa^e, 885-886 
Guanidine, 153, 155,812 
Guanidinoacetalc mcthjlpherasc, 804 
Guamdmoacetic acid, 487, 803, 811-812 
Guamdinoothanol, 486 
Guanidino group, 93-94 
Guanine, formula, 187 
mtorporntion into DNA and PNA, 
900-901 

metabolism, 886-887 891-894 
occurrence, 187, 191, 197-198 
Guano^mc, 187,883-884 
Guanosfine-5 -diphosphate, 505-6OG, 735, 
SS2-883 

Guano'ine diphosphate mannose 205 467 
Guano3mc.2 -phosphate, 189-190 
GuanQ9ine-3 -pho«p}iate, 189-190 
GuRao$me-5 -phosphate, 882, 891-893 
Cuanosjnc-5 -triphosphate, 204, 457, 735, 
892 

Guanj he acids, 186, 188-190 
Gulomc acid, S39-540 
GuloQolactOQC. 539-SiO 978 
Guluronic acid, 423 
Oynamimc acid, 426 

Hagedora-Jensen method, 407 
HalMifc of metabolites 733 
Half-time of chemical reactions 244, 248 
Hapten, 740 

Harden-Young ester tee rruelose-I,6Kli- 
phosphate 
Hannan, 861 
HCO, 955 
H disease, 840 
Heat capacity, 225 
Heat content, 226 
Heat of actn ation, 2C3-270 
Heat of combustion, 226 
Heat of formation, ^6 
Heat production in biological s\ stems 
928-038 

Helical structure 159-160 200-201 43C- 
437 

Hchcorubin 358 
a-Hehx, 159-lGO 
Ifemagglutraation 426-427 
Icmatm, 178 
matoporphjrm, ICG 352 
le, absorption spectra, lOO 
ctronic fitnicturo 171-172 


Heme, formation, 864-869, 988 
formula, 170 

m metaUoflavoprotems, 357 
reaction with bases, 169-170, 172 
Heme proteins, 102-165, IGO, 179-180 
sec aUo Cjtochromos, Hemoglobin 
Ilydropcroxidases, Mjoglobin 
Homcr> thrms, 180-181 
Hemiceiluloscs 423 
Hcmimetabolous insects, 9C8-969 
Kcmm, ITS, 1008 
Hemochromatosis. 913 
Hemochromea, 1G9 
Hcmochromogcna, 1C9-172, 179, 353 
Ucmocuprcm, 181 
Hcmocy anm, 42-43, 186-181 
*l • ‘ '"I 


chcmi«>try, 162-165, 172-173 178 
combination uith oxjgcn, 173-177 
com ersion to bile pigments 869, 872- 
876 

clectromc structure, 172 
formation, 736-737, 864 869^70, 912- 
914 

m COa transport, 915-021 
in momraaiian erythrocjte, 103 
iron content, 28 
isoelectric point, 102, 163, 173 
occurrence, 162-164 
oxidation-rcduction potential, 299, 363 
particle weight, 33, 42-43, 163 
shape, 150 
solubility, 21 
terminal amino acids, 143 
X-ray analjais, 160 
Hemoplobm A, 163 
Hemoglobin F, 163 
Hemoglobin 8, 163 
Hemosiderin, 913 
Hcmosiderosia, 913 

Henrierson-Hasselbalch etjuation 87-88 
Heparm 425. 576 703-7W 
Hepatcctomj , 397. 728, 901 
Hepatocuprem, 181 
Hcptoscs 409-410, 530-531, 551-552 
Heterolactic fermentation, 535-536 
Heterohpids, 606 
Heteropj nthiaroinc 983 
Hcterotrophic organisms, 285 
Hexadecanoic acid tee I’fllmitic acid 
Hcxanoic acid, 650, 603-661 
imns-Ucx-S-cnoyl-CoA, 598 
Hcxokinasc action 375, 459 476 
co8taHization,218 



INDEX 

Gbcrne, formation, from sarcosine, 805 
from serine 772-775 
from threonine, 791-792 
free energy of formation 236-237 
glucogenic action 764, 777 
heat of combustion, 227 
indispensable nature, 726 
in glutathione formation, 721 
in porphjrm formation 864-872,876 
m pteridme formation 1000 
in purine formation, 854-855, 890, 901- 
902 

m riboflavin formation, 985 
metabolism, 771-778 
PGA in, 773-775 
pyndoxal phosphate in 775 
succmate-glj cine cycle in, 867 
occurrence, 53, 125, 633 
titration curve 90-91 
transamidmation reactions 803, 812 
Glycine ethanolamme cycle 777 
Glycine oxidase, 337-338, 752-753 
Glycine reductase 758 
Glycochohc acid, 633, 635 
Gbcocyamine 487,803,811-812 
Glycocyamine phosphate, 486-187 
Glycogen, chemical properties 421-422 
conversion to glucosc-l*phosphate 
441-445, 490 

to lactate, see Glycolysis 
formation, 492-497, 513-515, 523 
hormonal control, 947, 955-957 900 
hydrolysis, 433 436 
mobilization 497 
phosphorolysis, 438-439, 44M45 
structure, 421 445 
turnover, 495-497 
Gly cogenesis 493 
see also Glycogen, formation 
Glycogenolysis 493,497 
hormonal control, 956 960 
Glycogen storage disease 446 
Glycolaldehyde 529,771-772 
Glycolic acid, conversion to glycine 771- 
772 

formation from glyoxylate, 316 318 
formula, 318 520 772 
oxidation to glyoxylate, 338 520 
Glycolic oxidase, 338 609 
N-Glycoly Ineuraminic acid, 426 
Glj colysis, 457, 493 
aerobic, 516 

anaerobic, ATP formation in, 490, 521- 
522 

Embden-RIeyerhof pathway 4S9-491 
energy relations 491, 521-524 
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Glycolysis, anaerobic, formation of lac- 
tate 489-492 

m animal tissues 489-491, 499-500 
in fatty acid formation, 613 
m photosynthesis, 551 
relation to pentose phosphate path- 
way 533-^4 

Glyconeogenesis 493 495-496 
hormonal control 956-957, 959 
Glycoproteins, 17 

see also Mucoprotems 
Glycosidases 216 430-438, 454 
Glycosides cardiac, 637 
chemistry 40S-409 
cleavage, by glycosidases, 430-43S 
by phosphorylases, 43^50 
by transglycosidascs, 451-455 
oligosaccharides as, 414 
plant pigment, 669-671 
polysaccharides as, 418-419 421-424 
steroid, 635-637 
trUerpene 664 
Glycosidic bond, 409 
Ghtostatic action 960 
Glycosuria, 498, 041 
Glycv Igly cinamide, 274 
Glyoxatascs 479 

Gly oxy lie acid conv ersion, to formate, 772 
to ghcine, 771-772 
toglycolate, 316 318 
to oxalate 520 

formation from allantom, 857 
from gly cine 753 
from glycolate, 338 
from hydroxyamino acids, 56-67 
formula 56 318, 772 
m isocitntase reaction, 518 
in malate symthetase reaction, 519 
Glyoxylic acid cycle 519-520, 778 
Glyoxylic reductase 316, 318-319, 338 
Gmelin reaction, 874 
Goiter 944 

Gonadotrophins 952, 954-955 
Gout 856 

Gradient elution method, 122-123 

Gramicidins, 81 137 385 

Gram stam, 193 

Graiia, 548 

Graves’ disease, 943 

Ground substance 424 

Growth and dev elopment hormone, 969 

Growth factor, 976 

Growth hormone m bone formation, 953, 
968 

in carbohydrate metabolism, 959-960 
962 
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Hydaniomi, 50 
Hydrtses, 216 

H>dr3tioa o{ protejns, 14&-I51 
H> drazmc, 135 144 6<6 
Hydnadantm, 61 

Hydrochloric acid, gaaUic secretion of, 
924 

Hydrocortisone wcCortisd 
Hydrogen, action of hvdrogena^,67^ 
formation from formate, 483 
in ammo acid diamination, 768 
in nitrogen fixation 67&-677 
in photosynthesis, 546-547, 549, 676- 
677 

Hydrogenase, 338, 340, G76-677, 758 
Hydrogen bonds definition, 155 
m DNA, 201 

in proteins, 148, 154-155, 159-lCO 
Hydrogen electrode, 291-292, 290, 299 
Hydrogen ion, activity J8 
excretion 918-919 
free energy of forrnatioo 237 
Hydrogenlyasc, 483 

Hydrogen peroxide, action, of catalase, 
365 

of peroxidase, 363-3G4 
formation, 305 338-339 753-754 
free energy of formation, 237 
m biolumincscence, 346 
m fatty acid oxidation, 609 
in tr>T3tophan peroxidast-oxida'se reac- 
tion, 837 

Hydrogen peroxide-oxygon system 209 
Hydrogen sulfide aitnation of piotcin- 
ases 705-706 

as reductant in photo^ynlhesi** 5i9 
forciatioo from cysteine 756, 797 
from ty Stine 68 
microbial oxidation 799 
Hydrogen transfer, 319-320 
Hydrolases 216 273-274 
Hy dropcroxidases 302-388 
H> dropbihc substances, 557 
Hydrophobic Bubstauccs 557 
Hydroqumone 289-290 297, 299 
H> drosulfite, 311-312 
Hydrotanuc acids 481 715, 717 “20 
HydroxocobaJamm 1003 
^-Hydroxyacyi-CoA dehydrase GQO 
^-Hjdroxyatyl-CoA dehydrogenase, 316 
598-599 

Hydroxy anthramhe acid, 840-812 
P-Hydroxyazobeaztnesulfonic acicj, 65 
p-iiydroxybenzaldehyde, 422 
H> droiQ benriRiidwoJr ioco 
p-Hydroxybenxoic acid, 832-835 


^Hydroxj’butyric-acetoacetic system, 
299 

D-/S-Hydrox>butync acid, conversion to 
acetoaceiate. 318, 382, 599, 605-607 
fomio-tioa from fatty acids, 590 
stereochemistry, 598 

j3-Hydroxybutyric dehydrogenase, 318, 
599,605 

n-^-HydroxjbutyrjI-CoA, 316, 599 
i/-/S-H5droxybutyryJ-CoA, 316, S97-S99 
/9-Hy dfoxy butycyl-CoA dehy drogenase. 
3{6, 590 

7a'Hydroxy cholesterol, 634 

6- Hydroxy chroman, 667 
p-Hydroxycmnamic acid, 258, 082-683 
17-Hvdroxy corticosterone acc Cortiso! 
fi-'IIy droxy dccaooic acid, 570 

17-Hy droxy -1 l-dehydrocorticosterone, 
see Cortisone 

17- Hydroxy deovy corticosterone, fomuh, 
639 

metabolism 642-644, 650 
pbysioJogical effects, 047 
secretion, 638 948 
Hvdroxycleosleanc acid, 562 
p-Hy droxy glutamic acid, 63 

7- HydroxygIutamit acid, 767 
7-Hydroxy glutamic gemialdehy tie, SI6 
5-HydTDX}]ndo!y lacetic acid, 846 
/9-Hy droxy Hobutync acid, 780-781 
^-Hydroxynsobutyryl-CoA 7SO-781 
ff-H> droxy isocaproic acid, 730-787 
^Hydroxy’isoialeric acid, 630, 665 
jJ-Hydroxyisovaleryl-CoA, 630-631, 787- 

788 

Hy droxy kynurenamine, 838 
Hy tlrmo kyauremne, S37-84I 
HydroxyJaraine, mactivatioa of papam, 
70G 

metabolism, 677-682 
reaction, with acyl groups, 48-1, 715, 
717-718.720 
with aldehyde*?, 659 
Hvdroxjlamme reductase, 681 
ll^-Hydroxylase, C43-644 
17-Hydroxylase, 643-644 
21- Hy droxy lase, 643-644 
Hydroxylysine, chemistry, 64 79, 81-82 
formula 64,^0 
metabolism, 764, 809 
occurrence $4 125 
7>*HydroxymandeJie arid, 682-683 
Hydroxymethylcylo^mc, 19G> ^8-899, 
904 _ 

Hi droxym'’thyldcoxy ej tidy be arid, 193 
Hvdroxjmethylfiirfural, 407 
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Hexokmase, m absorption of sugars, 492- 
493 

occurrence, 460 
properties, 42, 459-460 
relation to Pasteur effect, 523 
Hexonic acids, 526, 531, 535-537 
Hexosammes, chemistry, 412-^13 
metabolism, 460, 465-466 
occurrence, 205, 423-426, 428 749 
Hexose monophosphate shunt, 525-535 
541, 551-553 

Hexose phosphates chemi«!tr> 413, 458 
m fermentation, 476 
mgljcoljsis 490 

m pentose phosphate pathway, 531 
m photosjnthesis, 552 
mterconversioD 463-467 
see also individual hexose phosphates 
Hexoses chemistry, 402-409 411-414 
com ersion to inositols, 543-644 
enzymic phosphorylation, 457-464, 492, 
500 

fermentation, 457-478 
formation from pentoses 529-633, 543 
intestinal absorption, 492-493 
see also individual hexoses 
HG-factor, 441 942 961-903 
Hill reaction, 550, 553-555 
Hill’s equation, 175 

Hippuric acid, enzymic hydrolysis, 710 
excretion, 590 
formation, 719, 729 
formula 53 

free energy of formation, 237-238 
Hippuncase, 710 
Hirudin, 703 
Hislammase 823 
Histamine, 66-68 767, 823-824 
Hinidase,755 821 
Histidinal,820 

Histidine, chemistry, 66-67, lOS 118, 142 
dissociation, 93-95 
formula, 66 
D-Histidme, 752,819 
L-Histidme, deamination 752 755 
glucogenic action 764 
indispensable nature 72o 728, 819 
in enzyme action 282 
isolation, 114 
metabolism 774 819-824 
occurrence 66-67 100, 125, 201 
optical rotation 79 97 
Histidme-a-dcaminase 755, 821 
Histidine decarboxylase 767-768 
Histidinol 820 

Histidinol dehydrogenase, 820 


Histidinol phosphate, 820 
Histobem vtin, 849 
Histones, 17, 64, 201 
Histozyme, 710 
HoIocDzyme, 220, 321 
Holometabolous insects, 968-969 
Homeostasis 509 914-922 
hormonal regulation, 939-940 952 954 
Homocysteine, breakdown, 757, 793-794 
chemistry 61-62 

conversio 1 to methionine, 800-803 S06- 
807 

formation from methionine, 793-795, 
804 

formula, 61, 793 
Homocysteine thiolactone, 61 
Homocystine, 61-62, 793, 1005 
Homogentisic acid, 826-828, 832 
Homogentisic oxidase 827-828 
Homoiothermic organisms, 930 935-937 
Bomolipids 557 

Homoprotocatochuic acid, 836-831 
Homosenue. 757, 790-791 794, 812 
Homosenne dehydrogenase, 791 
Homovanilhc acid 836-831 
Hopkins-Cole reaction, 69-70 
Hordenioe, 866-861 

Hormones, adrenocortical, see Adieno- 
cortical hormones 
anterior pituitary, 956-053, 959-060 
corpus luteum, see Progesterone 
crustacean 970-971 
dehnitioD 939-910 
gastrointestinal, 955 
hypothalamic 9o2, 954 
insect, 968-970 

of adrenal medulla, 946 960-961 
oxarian, see Estrogens 
pancreatic, see Glucagon, Insulin 
parathyroid, 945 
peptide, 140-141 
pituitary 949-954 
placental 955 
plant, 971-975 

posterior pituitaix 140 953-954 
steroid see Steroid hormones 
testicular see Androgens 
thyroid see Thyroxine 
Houssay animal 959 
Hufner’s equation 174 
Human chorionic gonadotrophin, 955 
Humin 47 

Hyalobiuronic acid, 424 
Hyaluronic acid, 424, 437 
Hyaluronidase, 437— 138 455 
Hxdantoic acids, 50 
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Inhibition of enzyme action, 256-260 
Inorganic ions, actuation of enzymes, 
262-263, 91&-912 
antagonism, 924-927 
binding by chelating agents, 108, 324 
dispensable, 908-909 
electroljte balance, 914-921 
hormonal regulation, 945, 947, 966-968 
indispensable, 908-909 
in enzj mes, 338-340, 366-368 
in nitrogen fixation, 674 
interaction with proteins, 22, 
occurrence, 10, 908-909, 917 
phjsiological role, 907, 909-914 
toxicitj , 908-909 

transport, 915-919, 922-924, 926-927 
sec also individual clemenla 
Inosine, 206, 883-884, 886, 889 
Inosmo-5 -diphosphate, 461, 505-506, 512, 
882-883 

Inosme-5'-phosphate, 203 886, 888-892 
Inosme-5'-triphosphate, 461, 512, 882-883 
Inosmic acid, 203, 886, 888-892 
Inositides, 470 

weso-Inositol, see myo-Inositol 
myo-Inositol, formula, 412 
metabolism, 543-544, 018, 1007 
occurrence 412, 570 673 
Mtamm actn ity, 1007 
Inositol monophosphate, 570, 583 
Inositols, 412 
Insulin, absorbance, 74 
A-cham 145 

ammo acid composition, 125 
ammo acid sequence 145-146 
antigenic nature, 941 
B-cham, 145-146 
binding b> cells, 956 
crystallization, 941 
Ostme in, 58, 131 
effect, on blood glucose, 498 
on carbohjdrate metabolism. 955- 
959 

on lipid metabolism, 957-958 962 
on protein metabolism, 958, 964-965 
formula, 146 
frictional ratio, 150 
metabolisra, 737-738, 942, 961-962 
molecular weight 43, 142 
particle weight, 43 
pituitarj antagonists 956-960 
secretion, 941-942, 958-960, 962 
structure, 145-146 
species differences, 146 
terminal ammo acids, 143 
titration curves, 99 


Insulin, unit, 941-942 
Insulmase, 942 

Intermediate metabolism, 388 
Intermedin, 954, 971 
Interstitial cell-stimulatmg hormone 950 
952 

Itttnnsic factor, 1004-1005 
Intrinsic viscosity, 151 
Inulm, 421 

Invertase, catalytic action, 433, 454 
inhibition b> glucose, 257 
kinetics, 250, 252-253, 255 
occurrence, 210, 432 

Iodine, m thjroid hormones, 69, 831, 943- 
944 

physiological role, 909 
Iodine number, 564 
Iodine test, 417, 421 
lodoacctate, effect on muscle, 486-487 
inhibition, of gl>ceraIdeh>de-3-phos- 
phate dehydrogenase, 324, 476, 490 
of piotemases, 706 
lodogorgoic acid, 68-69 
p-Iodophenylsulfon>J chloride, 128, 143 
lodopsm, 660 

3-Iodol> rosine, 69, 831-832 
Ion earners, 924 

Ion-exchange resms, 122-126, 147 
Ionic strength, 20-21, 94-97, 101 
a-Ionone, 654 
^•lonone, 653-654 
lonophoiesis, 106-107 
Ion product constant of water, 18 
Ion transport, 915-919, 922-924, 926-927 
Iron, clectromc states, 170-171 
excretion, 913 

ferric, actuation of histidine decar- 
box>lase, 768 

ferrous, activation, of aconitase, 503 
of catechol oxidase, 833 
of homogentisic oxidase, 827 
of hjdroxjanthramlate cleavage, 841 
of peptidases, 708 
of phenylalanine hjdroxylase, 825 
ferrous-fernc oxidation-reduction sys- 
tem 291-293,299 
incorporation, into femtm, 913 
into hemoglobin, 869, 912-913 
m flavoprotem enz>mcs 338, 343-345 
inte&tmal absorption, 913 
in tryptophan peroxidase-oxida-sc reac- 
tion, 837-838 
metabolism, 912-914, 980 
storage, 913 

Iron-contammg proteins, see Femtm 
Heme proteins, Hemerjthrins 
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^-Hjdrox>-j9-ineth>lglutanc acid, 630 
665 

p H> droty-|8-methylglutaryl-Co 630- 
631, 787-788 

n>droxymeth 3 lhomocjstcine 807 
Hjdrox>methylp> ridme, 091 
H>drox\methjlletrah>droPGA 77£>-776, 
807 

9-Hjdrox>octadec-12-enoic acid 632 
p Hydroxyphen>lacetic acid, 832 
p-H>drox>phenjlcthanol 832 
p-Hjdrox>phenjlethanolamme, 823 
p-Hjdroxj'phenyllactic acid 835 
p-Hjdrox>pheiijlpjru\ic acid 826-828, 
832, 835 

p-Hjdrox>phen>!pjruvic oxidase, 826 
5-IIj droxj pipecolic acid, 71, 809 
S-Hj droxj ptperidme-2-carboxj he acid 
71,809 

17a Hjdroxyprogesteronc 642-645 
Hj droxj prolme, chemistrj 49 71-72 79 
81-82 

formula, 48 
glucogenic action, 764 
metabolism, 815-816 
occurrence, 71, 125 
P-Hjdroxypropionic acid 002 
^ Hjdroxjpropionjl CoA 602 
2-Hydroxypjridine,280 406 
H> droxj pxruMC acid 520 536 789 

4- Hj droxj quinoline-2.carbox\ he acid 

836-838 840 

a Hjdroxx steroid dehjdrogenaso, 647- 
648 651 

^-Hj droxj steroid dehj drogena«e 320, 
643 647,651 

5 Hydroxjtrjptamme, 767-768 844-846, 
863 

5- Hjdroxj tryptophan, 845-846 

5 Hj droxj tryptophan decarboxylase, 
767-768 

Hj droxj tjTamine, 828-829 
Hjgrme, 860-861 
Rj ochohe acid 632 
Hypergljcemia, 498 940-941 955 
RjTerglycemic factor, 441, 942 961-963 
Hjpertensin, 140-141 
Hyperthj roidism 943 
Rjpogljcemia, 498 942 
HjTonitrous acid 676 679, 681-682 
HjTiophjsectomj 949-951,959 
Hj'potaurine 767 797 
Hjpothjroidi^m, 943-944 
Hjpoxanthme, fermentation 894 
formation 887-890 
from adenine 886 
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Hjpoxanthme, formation, from mosine, 
884 

formula 203, 855 884 
m sulfite oxidation, 797 
occurrence, 203 206, 1003 
oxidation to uric acid 339 855 
Hjrpoxanthme deoxj riboside, 884 
Hj poxanthme riboside, 206 

1*31,392 

I\A 846 973-974 
lAA oxidase 974 
Iceland spar, 74 
ICSH 950 952 
Idose 404 

IDP 461,505-506,512,882-883 
IduroDic acid, 425 
Imidnzolone propionic acid 822 
Imidazoljlacctaldehjde 823 
Imidnzoljlacctic acid, 823 
Imidazoljlacetol phosphate 820 
lmldazohlgl^ccrol phosphate, 820-821 
Imidazolj 1 group 93-94,173 
ImidazolvlpjruMC acid 819 823 
Imino acids 48 335-336, 753 
Immune reactions, 739-740 
IMP 203 886 888-892 
Inborn errors of metabolism 398 
alcaptonuna, 398 826 
congenital porphvria 872 
galactosemia 465 
glycc^en storage disease, 446 
phcnalkctonuna 835 
IncIu^lon bodies 194 
Indtcan 844 
Inilicators pH 88-89 
Indicator \ellow 659 
Indigo, 844 

Indirect calonmetrj 931-934 
Indispensable ammo acids 724-728 
Indole 842-844 
Indolcacetic acid 846 973-974 
Indoleacetic acid oxidase 974 
Indolealdehj de 974 
Indole alkaloids 861-862 
Indole-5 6-quinone 830-831 
Indolj l-3-acetaIdehj de 974 
Indolyl-3-acetic acid 846 973-974 
IndoIjl-3-acetonitrile 974 
Indolj lacetj Iglutamme, 846 
Indolj Igljcerol phosphite 842-843 
Indolj l-3-pjru\ 1 C acid 835-836, 846 
Indophenol oxidase 354 
Indoxylglucuronic acid 844 
Indoxxlsulfunc acid 844 
Induced enzj mes, 746, 838 
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a-Ketoisov alenc acid, 780-784, 786, 9K5 
Ketol group, 529, 638 
a-Keto- 7 -meth>lthiobuUric acid, 795 
o-Keto-^-methj h alcnc acid, 781-781 
Ketone bodies, definition, 590 
formation, 590-602, 787-788 
metabolism, 603-608 848, 941 
Ketoncmia, 848, 9 41 
Ketonuna 941 
Ketopantoic acid, 993 
2-Iveto-6-phosphogluconic acid, 536 
S-Keto-O-phosphogluconic acid, 526 
p-Kctoreduetasc, 598 
Ketosis, 607 848,911 
17-Ketosteroid, 949 
Ketosuccinamic acid 762-763, 819 
p-Ketothiolase. 599-600, 604-605 
Kinases 262, 459 

Kinetics of enzymic reactions, effect, of 
pH 271-272 
of inhibitors 256-259 
of substrate concentration, 249-256 
of temperature, 265-271 
order of reaction, 245-249 
Kmetm, 207, 975 
Kjeldahl method 28 
Kojic acid, 542-543 
Krebs cj cle, see Citric acid c\ cle 
Krebs ornithine cycle 850, 853 
Kreba-Ringcr solution, 925 
Kynurcnic acid, 836-838, 840 
K>nuremQase,841 
Kynurenme, 836-842 
Kynurenme formamidase, 838 

Lactaminic acid 426 
Lactase 442 746 
Lactic acid 227. 289-290 
D-Lactic acid, configuration, 80 
formation, from glucose, 479 535-536 
from methylglyoxal, 479 
DD'Lactic acid, 479 

1 ,-Lactic acid comenion, to glycogen, 
492, 495-496 
to pyruvate, 316, 318 490 
formation by glycolysis, 485 489-491, 
510 

in thiamine deficiency , 982-983 
Lactic dehydrogenase, animal tissues, ac- 
tion, 316,318-319 
crystallization, 219 
in glj colj SIS, 490 
inhibition by pyaui ate, 982 
zinc in, 319 
bacterial, 479 
yeast, 357, 479 
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Lactic-pyruv 1 C oxidation-reduction sys- 
tem, 299, 327 
Lactobacillic acid, 560, 098 
Lactochrome, 330 
Lactofiavin 984 
I actogenic hormone, 950, 953 
p-Lactoglobulm, ammo acid composition 
125 

dcnaturation, 153 
electrophoresis, 105 
elementary analy sis, 45 
enzy mtc hy droly sis, 695 
formation, 737 
frictional ratio, 150 
homogeneity , 25 
interaction with ions 109 
isoelectric point, 102 
particle weight, 42, 45 
terminal ammo acids, 143 
titration cun cs, 98-99 
Lactonase, 314 
Lactonizmg enzy me, 831 
Lactoperoxidasc, 164, 363 
Lactose, formula 415 , 

hydrolysis, 432 ' 

induction of ^-galactosidase, 740 
metabolism, 465 
occurrence, 414-415 
optical rotation, 406 
S-Lactylglulathione, 479 
Lanoslcrol, 624, 628, 664 
Lnnthionme, 60, 83 
Larval hormone, 969 
Lathosterol,623 
Lathy nsm, 63 
Laurie acid, 559 
Jjcad, 908, 909 
Lead phosphate, 24 
o-Lecithm, 567, 669 015-618 
Lccilhmase A, 678-580 
Lecithinase B, 579 
Lccithmase D, 579-580 910 
I ccilhms, 566-567, 577-580 
I cucioc, chemistry , 54-55 118 
formula, 55 

n-Leucine, metabolism, 752, 785-786 
occurrence, 81, 137-138 
i>Leucme, breakdown, 787-788 
deamination, 752, 757 
decarboxylation, 766-767 
formation, 782-786 
free energy of formation, 237 
heat of combustion 227 
indispensable nature, 724-725, 728 784- 
786 

isolation, 65 
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Isoagglutmms, 427 
Isoalloxazme, 330 

Isoamylamme 767, 787 \ 

Isobutjl alcohol 780 
I<!obutjlanime, 767, 780 
Isobutjric acid, 780 
Isobutj o 1-CoA 780-781 
I«ocaproic acid, 643 

Isocitric acid, action, of 'iconitase 503- 
504 

of isocitric dehydrogenase, 316, 504 
of isocitntase, 518 
comersion to e-ketoglutarate, 504 
formula, 503 
in citric acid cycle, 508 
occurrence, 516 

Isocitric dehydrogenase 316 504, SOS, 
613 

Isocitntase, 518, 520 
Isoelectric point 94, 100-102 112 
Isoelectric precipitation, 19 101-102 
Isoguanine 207,894 
Isohydric carnage of CO 2 , 920-921 
Isoiomc point, 94 100-101 
Isoleucme chemi'try, 53, 81-82 118 
formula 55 

L-Isoleucme, breakdown 784-785 
configuration 82 
deamination, 752, 757 
formation 781-784 
glucogenic action 764 784 
indispensable nature 724-725, 728 781- 
782, 784 

ketogemc action 764, 784 
metabolism 781-785 
occurrence, 125 
optical rotation, 79 
Isomaltose 429,436 451-452 
Isonicotmic hydrazide, 309, 989 992 
Isoprene 653 

Isoprene rule, 629 631, 664-605 
Isoprenoid compounds, 663-064 
I'opropanol 549 
Isonbofla\ in, 984 

Isotope-competition technique, 786 
Isotope dilution method 127-129 
Isotope effect. 394 
Isotope-exchange reaction, 283 
I'otopes 3S8-396 
m ammo acid analysis, 127-129 
m study of enzyme mechanisms 281- 
283 

radioactive 391-393 
stable, 389-391 

Isovaleric acid, in cholesterol formation 
627,631 
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Isox aleric acid metabolism, 630, 787-78S 
occurrence, 558 631 
Isoxalcryl chloride, 134 

1- o\aleryl-CoA,631,78S 
Itacomc acid 520 
ITP,46I,512, 882-883 

Jaundice 874-875 . 

Joule 226 \ 

Juxcmic hormone 9M-970 
\ 

hm 252 

Kacmpferol 671 

Kaolin, 24 

Kerasm 572 

Keratem, 131, 695 

Kentin 58 131 686,694-695 

o-Keratin 159-160 

/J-Keratin 157-159 

a-Kcto aculfl, comersion to ammo acidg, 
754-766 

decarbowIatiOD, 273 475 504-505, 910 
formation from ammo acids 336, 750- 
758 

0 >Keto acids, actuation 595-597, 833 
decarboxylation, 279-280 512 
a-Kctoadipic acid S09-SI0 
^-Ketoadipic acid 532-834 
^IvctoadipyhCoA 831 
«-Keto-«-aminocaproic acid, 809 
tt-Kctobutync acid, 756-757 783 791, 
794 

2- Kcto4-deoxygalactomc acid 536 
2-Keto-3-deoxy-7-phosphoglucohcptoDic 

acid 541 

2-Keto-3-deoxy-6 phosphogluconic acid, 
535 

2-Ketogluconic acid, 536 
5-Ketogluconic acid, 536 
Keloglutaraldehy de 867 
Ketoglutaramic acid 762-763 
a-Kctoglutaric acid com ersion to gluta- 
mate 316 754 759-763 765-766 
decarboxylation, 504-506 508, 521-522 
formation from arabino«e, 538 
from 2 5-diketogIuconate, 636 
from glutamine 763 
from glutarate, 809 
from isocitrate 504 
from oxalosuccinate 504, 508 
jn citric acid cy cle 502, 508 
jn lysme formation, 810 
m ornithine formation, 814 
tt-Ketoglutanc dehydrogenase, 505, 509 
2-Keto-mj/o inositol 544 
«-Ketoisocaproic acid, 783, 785-788 



'28 GENERAL BIOCHEMISTRY 

onginallv piescnt m the protein hydiolysatc (B) is then given b> the 
equation B ^ A[(Co/C) —1] This niethorf has the great advantage 
that only a fraction of tlic ammo acid need bo isolated, hut suffers from 
a number of disach antages which have limited its general utility Since 
the principal biochemical application of isotopes lias been for the study 
of pathways of intermediate metabolism, the properties of isotopes and 
the methods used for their determination uill be discusbcd later, in 
Chapter 16 

Another isotopic metliod for the ammo acid analysis of proteins 
involves treatment of the hjdrolysate with an acylating agent, p-iodo- 
phcnylsulfonyl chloride ("pipsjl chloride"), m which the iodine is 
partially present ns tlie radioactive isotope of mass 132 Under the 
conditions of this method,*® the pipsyl chloride reacts nearly quantita- 
tively with the free ammo groups of the ammo ncids m the protein 
hjdroljsate to give the corresponding pipsjlamino acids After this 
reaction has been earned out, a relatively large amount of a single non- 



isotopic pipsylammo acid is introduced as a "carrier " Tlie great excess 
of a single pipsylammo acid in the “pipsylatcd" hydrolysate makes it 
possible to isolate a pure sample of this ammo acid derivative b> chroma- 
tograpluo separation or by repeated extraction with organic solvents 
In this way one effects the separation of the pipsylammo acid added as 
carrier, together with the much smaller quantity of the same pipsylammo 
acid bearing the isotopic label Because of the extreme sensitivity of the 
methods for the measurement of radioactivity, the dilution of tlie isotope 
can be much greater than in experiments in which stable isotopes such 
as N*® are employed Since the amount of added nonisotopio carrier 
is know'n, the amount of radioactivity indicates the dilution of the radio- 
active pipsylammo acid deriv'cd from the protein From the dilution the 
amount of amino acid originally present in tho hydrolysate may be calcu- 
lated Data obtained by tins method on the analy’^sis of several proteins 
for a number of ammo acids are in satisfactory accord with those ob- 
tained by other reliable procedures It should be mentioned, however, 
that the use of radioactive isotopes has one major disadvantage The 
methods for the determination of radioactiv ity arc so sensitive that con- 
tamination of the desired product with minute traces of radioactive ira- 

S KestonandS Udcnfriend. Cold Spnnff ffarl,or Sumposta ^uant Bio!, 14, 

02 (1910), S F Velick and S Udenfnend, ^ Siof Chem 190, 721 (1951) 
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L-Leucme, ketogenic action, 764 787-788 
metabolism, 782-783, 785-788 
occurrence, 55, 125, 862 
optical rotation 79 97 
Leucine ammopeptida«e 696-699 701 707 
Leuco-2 6-dichlorophenolindophenol 302 
Leucometh>lene blue, 302-303 
Leucoptenn, 1000-1001 
Leucovorm, 773, 775 998-1001 
Leucrose, 452 
Leukemia, 1001 
Levans, 429, 452 
Levan sucrase, 452 
Lev uhnic acid 407 
LH, 948, 950 952 

Liebermann-Burchard reaction 622 
Lightening hormones 971 
Light scattering, 33-35 
Lignm fhemistrj , 422 
formation, 774 805 807, 835 
occurrence, 422 
Lignocenc acid, 559 571-572 
Limit dextrins 434,445 
Limonene 661-662 

Lineweav er-Burk equations 252-254 257- 
259 

Linoleic acid, formula 559 
metabolism 560-561 587 614 
occurrence 559, 569 573 
oxidation b> lipoxidasc. 609 
Linolemc acid, 559-560 009 614 
y Linolemc acid, 559-561 
Lipasea, 674-677 616, 735 
Lipemia, 576 

Lipid metabolism formation ot hpids 
see Lipogenesis 

hormonal regulation 957-958 962-963 
in diabetes, 957-958 902 
link to protein metabolism •<€€ Protein 
metabolism, link to lipid metabo- 
lism 

5ee also Fattv acids metabolism 
Lipid«. analysis, 562-565 568 573 
caloric value 932 
classification 557 568 571 
compound 566-573 
deposition m tissues, 585-589 
fatty acids from, 553-562 
Protein sparing action 765 
Simple, chemistry 557-566 
enzjmic hjdroljsis, 574-577 
intestinal absorption 584-58G 
«ee afso Phospholipids Sphmgolipids 
Lipins, 566 
Lipogenesis 609-617 
definition 613 
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Lipogenesis hormonal regulation, 957- 
958 963 

Lipoic acid formula 306, 4S1, 554 
m keto acid decarbo\> lation, 481-482, 
50 d 

in photosvnthesis 553-554 
in sulfite oxidation, 797 
occurrence, 1006 

oxidation-reduction system, 306 
\ itamin activ ity , 1006 
Lipoprotem lipase 575-576 
Lipoproteins in plasma 150, 573, 622 
metabolism 575-576 
occurrence 573 
physiological role, 573 060 
Lipotropic agents 588 
Lipovitellin 573 
Lipoxidose 564 609 
Liquid^junction potential, 292 
Liqmriiigenin, 671 
Lithium aliimimim hydride 52 
Lithium borohydndc, 52, 131, 144 
Lithocliolic atid 632, 634-635 
Liver residue factor, 1008 
Lombricinc 486 
Lombricine phosphate 486 
LRF 1008 
Lucifcia«e 345-346 
Luciferm 345-346 
T umiehrome 331 986 
Lumiflavin 331 
Lumi riio<iop»m 658-659 
Lutem 655 

Luteinizing hormone, 948 950, 952 
Luteohn 671 
L\tomara«min 138 
Lytoppne 652-655,664,666 
Lvcophyll 655 
Lveoxanthm 655 
Lycoxanthophyll, 655 
Lymph 584-586 915 
Lyochromes 330 
Lx ophilization, 24 
Lx •'Gigic acid 862 

Lysergic acid diethylamide, 862-863 
Lysine chemistry 63-64, 118 142 
dissociation 93-95 
formula 64 
D-Lysme 808 

L-Lysme, breakdown 752 80S-S09 
conversion to hydroxy lysine, 809 
formation 766-767 808 810-811 
m alkaloid formation 859-860 
indispensable nature, 724-725, 728, 731- 
732, 808 
isolation, 114 
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i/-L>sine, linkage m proteins, 131 
metabohsm, 7M, 808-811 
occurrence, 64, 125, 201 
optical rotation, 79 
urinary excretion, 79S 
Lysine decarboxjlase, 767 
Ljsme peptides, 202 
L>solecithin, 578-579 
Ljsolecithmase, 579 
L5 sozjTne, 25, 143, 438 
Lyxo'e, 404 

Magnesium, actuation, of carboxjlasc, 
475 

of citntase, 518 
of creatine kmase, 487 
of deo'^ ribonuelease, 879 
of enzymes, 910 
of isoeitntase, 518 

of or-ketoglutarate dehjdrogenase, 
504-505 

of methiomne*actuatmg en*>mo, 804 
of peptidases 696, 098 
of phosphatases, 489 5S1, 880, 910 
of phosphoglucomuta«o, 461 
of phosphogluconic dehidrogennse, 
526 

of phospholipase C, 910 
of thioianascs, 595 
of translcetolase, 529 
of traiispho8phor> lases, 460, 470, 472- 
473, 910 

complexes mth ATP and ADP, 487 
hormonal Regulation, 967 
m ac>Iom formation 480 
in chloropha ils 182 
in fatt> acid oxidation, 594 
inhibition of ATP-n«e 488 
m oxidatue phosphoiylation 38 1 
phjsiological role, 910-911, 917, 926 
Magnetic moment 170-171 
Magnetic susceptibihtj , 170-171 
Malate s3‘nthetase, 519 
Malejlacetoacetic acid 827-828 
Malejlacetoacetic uomerase 828 
Malic acid comersion to fumarate 234- 
235 602 50S 

to oxaloacotate 316, 318 508 
formation, 234-235 512-513, 518-519 
formula, 234 318,502 
free energ> of formation, 237 
in citnc acid cjcle, 502 
in CO2 fixation 512-513 
occurrence 516 

Malic dohjdrogenase, 316, 318-319 502 
513 ’ * 


Malic enzjTTie, 512-513, 555 
Mahc-oxaloacetic oxidation-reduction 
Bjstem, 299, 327 

Malonate, effect, on citric acid C5cle,507- 
510 

on fattj acid oxidation, 606 
formation from barbituric acid, 900 
inhibition of succinic dehjdrogenase, 
260, 502 

Maltase, 431-432 
Maltose, chemistry, 414-415 
enzjmic cleavage, 431-432, 436, 451- 
453 

formation, 434-436, 447 
formula, 414 
heat of combustion, 227 
optical rotation, 406 
Maltose phosphorylasc, 447-449 
Mnltotnose, 434 
Malv idm, 671 
Mandelic mtnle. 432 
Manganese, actuation, of argraase, 850 
of decarboxj lases, 504 512 
of dcoxjTibonuclease, 879 
of enolase, 472 
of enz> mes, 911 
of mahe eDz>mc, 512 
of peptidases, 696, 698 707 
chelation by ammo acids, lOS 
occurrence, 908 
ph>siological role, 914 
Mannan, 422-423, 433 
Mannitol, 411-412, 543, 748 
Mannitol-1-phosphate, 543 
Mannoheptulose, 409, 530 
Mannose, chemistrj , 405, 408 
formula. 404, 405 
GDP-, 205, 467 
occurrence, 205, 422, 426 
optical rotation, 406 
phosphorylation, 460 
Mannose-l-phosphate, 467 
Mannosc'6-phosphate 460, 463 
Mannuronic acid, 411, 423 
Maritimctin 671 
Ma«s law, 223 

Mass spectrometer, 389-390 

Megaloblastic anemia, 1004 

M(lanin,367,830 839 

Mtlanocyte stimulating hormone, 954 

Melanoma, 830 

Melanuna, 830 

Mehbiasc., 432 

Mehbiose, 406, 415-416, 432 

Membrane potentials, 922-923, 926 

Menadione, 299, 554, 668, 1014 
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Menthol 661-<362 
6-Mercaptopunne, 902-903 
Mercaptopyruvic acid, 796-797 
Mercaptunc acids, 59 
Mercur> , 66, 70, 257, 90S-909 
Meromyosms, 488 
Mesaconic acid, 818 
Mesobilirubm, 873, 875 
Mesobibrubmogen, 873, 875 
Meso compounds, 83 
Mesocjstme, 83 
Mesoporphyrm, 166 
Metabolic pool, 732, 737 
Metabolism, definition, 10, 387-388 
inborn errors of, 398 
methods of studj , 388-401 
Metabolite antagonists, 399, 902, 977 
MetalIofla\oproteina 338-340 343-345, 
357 

Metalloporphjnn proteins, see Catalases, 
Cvtochromes Hemoglobin, Mjo- 
globin Peroxidase 
Metamorphosis hormone 909 
Metamorphosis of insects, 968-971 
Metaphosphatase 681,583-584 
Metnphosphates, 684 
Meta rhodopsm, 659 
Methane fermentation, 609 
Methanol 21 

Methemoglobm, 172, 178-179 363 
Methemoglobinemia 178 
N®*®-Methen>ltetrah>droPGA, sec An* 
h>droleuco\orm 

Methionine, chemistry, 6(^-62, 118 
formula 61, 793 
n-Methioniue, 752 792 
i^Methionine, comersion, to S-adenos>l- 
methionme, 804 
to methyl mercaptan, 798 
to sulfate, 798 
deamination, 752, 795 
formation, from homocjsteine 793-795, 
799-803, 805-807 
from D-methionme 792 
m adrenalin formation 829-831 
in an‘'erine formation 824 
m creatine formation, 803-801 
m cjsteine formation, 792-793, 801-802 
806-807 

mdispensable nature, 724-725, 735, 792- 
794, 800 

m hgnin formation 835 
>n nicotine formation 860 
jn spermidine formation 815 
hpotropic action, 588 
metabolism, 764, 792-797 800-808 


loss 

L-Methionme, meth>l group, formation, 
806-807 

oxidation, 807-808 
transmethj lation, 800-805 
occurrence 125 
Optical rotation, 79 
Methionme-actuatmg enzjme, 804 
Methionine methvl <!ulfonium salt 61 
800-801 803 
Methionine sulfonc, 61 
Methionine sulfoxide 61, 795 
Methionine sulfoximme 61 

2- Methox5 -6-aaiinopunne, 206 
Metho’O estrone, 650 

3- Methox>-4-h>drox>mandelie acid, 830 
p-Methox3 phenj lalamne, 207 
«-Meth>lacetoacet>l-CoA, 785 

Metlij lacry 1> 1-CoA 7SO-78I 
2-Mcth>ladenme 1003 
Methjlamme 85 88-89 753 
6-Mctlniammopurme 196 
Mcth>lfltion of carboh> drates, 418-419 
Meth>lbarbituric acid 900 
^-Mctli> Ibutj 1 alcohol, 787 
ar-Meth> lbut> r> 1-CoA, 785 
0 Mcthjlcrotonic acid, 629-631, 665 
S-Meth>!c>steine, 795 
S-Mcth>lc>steine sulfoxide, 60, 795 

5- Mcthvlc>tosme, 191 106, 198, 899 

6- Meth^ Ideoxyadenylic acid, 198 
5*Meth%ldeoxjc>tidine, 191 
5-Mcthj ldcox> cj tid> he acid 191 
ll-Me(h\]dodecanoic acid, 558 
Meth>!donora 801 

a-Meth>lene-7-ammobutjric acid, 767 
MeUi>lene blue enz>mic reduction, 314, 
331, 343 359 
formula 302 

oxidation-reduction system, 299, 302- 
303 

“y-Methylencglutamic acid, 63 767-768,817 

7- Methvieneglutamine, 63 
Meth> leth> Ithetm, 801 
2-Melh\ l-Oa-fluorocortisone, 948 
Meth>ifructofuranoside 409 

2- Methylfumaric acid 818 
Methjlglucofuranoside, 408-409 
N-Meth>l i/*glucosamme 413 
«-Methylglucoside 408-409,431 
/I'Methjlglucoside, 408, 431 
vMethv Iglutamic acid, 817 
N-Metbylglj cine see Sarcosme 
Methjlglyoxal, 479 

Methyl groups 801, 806-808 
Methylguanidinoacctic acid, see Creatine 

3- Methylhistamine, 823-824 
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1- Mcthj Ihistidme, 67 

3- Methylhistidme, 67 

a-Methj I'p'hj drox 5 but> rj 1-Co A, 785 

4- Mcth>l*5-hjdroxyethjUhiazolp, 983 
N-Meth> l-5-h> droxj tr> ptaminc, 845 

2- McthyUi>poxanthine 1003 

1- Methjhmidazolylacetic acid, 823-S24 

3- Mcthylimidazol> lacctie acid, 823-824 
N-Mcthvll> smo, 808 
Methylmalonic acid, 602 
Methjlmalomc semialdchjdc, 780-781 
Methylmalonyl-CoA, 602 
Methylmercaptan, 795 708, 805 

5- Methjlmethionine, 61, 800-801, 803 

2- Methyl-l,4-naphtho<]uinone, 2M, 668 
Is-Methjlmcotinamide, 805, 990-901 
Methyl orange, 89, 108-110 

Methj Ipentose^, 410-41 1 
S-Methylpyridme, 991 
N-Methyl-6-p>ridone-3-carboxnmidc, 
990-901 

Methj Ipyndoxal, 989 
Methyl red, 89 

13-MethyUetradecanoic acid, 558 
Methj Itetromc acid 539 
5-MethjUhioadenosinc, 206, 805 
Methyl*^-thiogalictoside 746 
S-Methjlthiogljcolic acid 803 
S-Methylthioriboae, 200 
0-Methyltyroime 207 
N-Methjhahne 138 
Mm alonic acid, 629-631 1008 
Michaehs constant, 252-255, 267-268, 278 
321-^23 

Michaelis-Menten equations. 252-255 
257-259 

Microbiological assay of ammo acids, 
126-127 
Microsomes, 9 

Midpoint potential, 299, 302-303 
Millon reaction 68, 72 
Minimal molecular weight, 28-29 
Mitochondria, 9, 371 
Molar absorbance 72-73 
Molecular weight of proteins, 28-44 
Molisch test, 407 
Molting, 968-969 970-971 
Molting hormone 969 
Molt-mhibiting hormone, 970 
Molt-promotmg hormone, 970 
Moljbdenum, m copper metabolism, 914 
m flaNoprotem enzjTncs 338-340 
in nitrate reduction, 680 
m nitrogen fixation, 674, 677 
phjsiological role, 908-909, 014, 1008 
Monoamine oxidase, 829, 846 
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Monoethjlcholme, 801 
Monoglycendes, 574 577 
Monohj ers, 155-156, 561-562 
Monomethylaminoothanol, 802 
Monosaccharides chemistrj, 402-414 
optical rotation, 406 
tests for, 407-408 
see also individual sugars 
Monoterpenes 661-602 
MSH, 954 

Mucins, see Mueoproteins 
Mucoitm sulfate, 424 
CIS, cts-Muconic acid, 832-834 
Mucopolysaccharides, 424-428, 437-438, 
455 

oi-Mucoprotem, 425 
Mucoproteins, blood-group substances as, 
427-428 

inhibition, of hemagglutination, 426- 
I 427 
I of trjpsin,691 
m plasma, 425 

intrinsic factor activity, 1005 
, mucopolj saccharides m, 425-428 
occurrence, 425-428, 952, 955 
unnary excretion, 425 
Multiplc-alternatc-oxidatioa theory, 692- 
593 

Multiple myeloma, 741 
Murcxinc, 755 

Muscle adcnjhc acid, sec Adenosme-S- 
phosphatc 

Muscular contraction, 486-492, 601 
Muscular djstrophy, 1012-1013 
Mutarotasc, 406 
Mutnrotalion, 280, 406 414 
Mutation, 397, 748, 905 
Mycolic acid, 561 
Mjeomvem, 561 
Myeloperoxidase, 164,363 
Mjogen A, 217, 219 

Myoglobin, combination with oxygen, 
173 

isoelectric point 164 
oxidation-reduction potential, 299, 363 
particle weight, 42, 164 
properties, 164 
terminal ammo acids, 143 
Myohematm, 349 
Mj okmosc 270, 376 459, 882 
Myo*<m, ATP-a®e activity, 487-489 
metabolic tumo\ er, 733 
phj^ical and chemical properties, 143, 
152, 488-489 
Myrcene, 661-662 
Myncyl alcohol, 565 
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MjtHic acid, 559, 609, 613 
Myxedema 943 
Mjto^nthin, 1009 

Ni5,389 

Naphthalene acetic acid 974 
Naphthalenesulfonic acid 65 
Naphthol test, 407 
Naphthoriuinone, 52 
NarmgeniQe,671 
^ebul3rme, 206 

Xegativ e nitrogen balance, 723 
Negatrons 391 
^eopJTlthla^llne, 984 
Nen on, 572 
Iveia onic acid, 572 
Nesslerreigent 28 
^euberg ester, 45S 
^eura^nnlc acid, 426, 572 
^ell^QhQrmone■^ 845,952 954 
Neurosporene, 653 

New jellow enzyme, 337-338 340-341 
^Jacm, see Nicotinic acid 
Niacinamide sec Nicotinamide 
Nickel 008,911 
Nicol prism, 74-75 

Nicotinamide, antimetabolites, 991-992 
breakdown 990-991 
deficiency 992 
formation 309 990 
formula, 308 989 
methylation,311,805 
occurrence, 308-310, 990 
Mtamin actiMty 9S9-990 
Nicotinamide methylphera^e, SOo 
Nicotinamide mononucleotide 308-310 
990 

Nicotinamide riboside 884 
Nicotine 774 S05 807 800 
Nicotinic acid, breakdown, 990-991 
formation 840-S42 
formula 840 

in nicotine formation 860 
occurrence, 990 
' itamm actn ity , 30S, 989-990 
Nicotinoylglycme, 990 
Nicotmoylomithine 990 
Nicotinuric acid, 990 
Nigero e 420 
^ight blindness 1010 
Mnhydnn, 51-52 117-118 
Nitramide 676 679, 682 
Nitrate as terminal electron acceptor 680 
effect on nitrogen fixation 675 
enzymic reduction. 339, 6S0-682 
in protein formation, 674, 6S0-681 


Nitrate m sulfur oxidation, 800 
tnetaboli-^m 674, 679-683 
Nitrate reductase 338-340, 680 
Nitric oxide 6S2 
Nitrification, 679, 683 
Nitrite 674-675 679-683 
Nitrite reductase 681 
Nitrogen, 074-680 6S2 
Nitrogenase 676 

Nitrogen balance, definition 723-724, 743 
effect of diet, 7^ 
hormonal regulation, 964-966 
indispensable ammo acids for, 724-728 
sources of urinary nitrogen m, 729-730 
Nitrogen equilibrium, see Nitrogen bal- 
ance 

Nitrogen fixation 874-678, 683 
Nitrogen trichloride 61 
Nitrophenylpbosphate, 581 
Niiropru«side test 58,72 
Nitrous acid method, 49, 52, 71 
Nitrous oxide C76 680,682 
Nitroxyl 681-682 
NMN 308-310,990 
N'MN phosphory lase 990 
Noncompetitive inhibition 2o7, 259-260 
Nonprotem nitrogen 709 
Nonprotem R Q 933 
Noradrenalm 828-829 946 
Norepinephrine 82S-829 916 
Norleucine, 55 

Norma) oxidation-reduction potential 
290 

Nomicotme 800 
No*atm 33S-339 40“ 526 
N terminal residue 141-144 
Nucleases 877 

Nucleic acids absorbance, 74, 193 
asymmetry 185 
digestion, 877 879 
estimation 192-193 
hydrolysis 186-190 192 877-880 
mhomogeneity 186 193-194, 200 
in protein formation 735, 746-749 
interaction with proteins, 202 
linkages in 198-201 
metabolism breakdown, 877-886 
formation 8S3 900-903 
hormonal control, 966 
pentode phosphates in 534-535 
turnov er jn 900-902 
vitamm'Ein 1013 
occurrence 181-186, 192-194 
particle weight 185-186 
preparation, 185-186 
structure, 194-201 



Nuclein 184 

Nucleoproteins, 17, 184-185, 201~2(B, 
7S5 

Nucleosidase, 450, 883-884 
Nucleoside diphosphates, 880-883 
Nucleoside diphosphokmases, 461, 882- 
883 

Nucleoside-2'-phosphates 180-190 
Nucleoside-2 ,3 -phosphates, 189-190, 878 
Nucleoside-3'-phosphatcs, 189-190, 581- 
582, 880 

Nucleoside-5 -phosphates, 190, 581, 880, 
882, 884-885 

Nucleoside phosphorj lase, 450, 883-884 
Nucleoside pyrophosphatases, 883 
Nucleosides, 187-188, 206-207 
cleaA age, 450, 883-885 
Nucleoside triphosphates, 203-204, 882- 
883 

3-Nuckotidasc, 581-582, 880, 994 
5 -Nucleotidase, 581, 880 
Nucleotide pyrophosphatase, 309-310, 336 
Nucleotide pyrophosphor>lase, 885 
Nucleotides, 186-192 
com ersion to nuckosides, 581-582, 880 
dissociation 197 
growth factor acU\ it> , 1008 
in nucleic acids, 188-191, 197-200 
occurrence, 203-206 748-749, 1002-1003 
pyrophosphoroljais 884-885, 898 
transgljcosidation reactions, 885 
transphosphorylation reactions, 882-883 

0^8, 389 

Octadecanoic acid see Stearic acid 
Octadecatetraenoic acid 659 
Octanoicacid 559,592-591,603-604 
Octopine, 66 
Oils 557-558 
Okanm, 671 

Old yellow enzyme, see 3; ellow enzyme 
old 

Oleanohe acid, 664 

Oleic atid, formation, 610-611, 997-998 
formula 560 
heat of combustion, 227 
occurrence, 558-559, 573, 604 
Ohgo-1 6-glucosidase 436 
Oligonucleotides, 200 583, 878 
Oligosaccharides, 402 407, 414-417 
as actnators of phosphor>lases, 444 
transgf> cosidation reactions, 453-454 
Omega oxidation, 594-595 
Ophidmc, 137 
Ophthalmic acid, 136 

Opsm, 658-661 


Optical actii it>, 74-83 
of ammo acids, 78-83, 97 
of diastereoisoTners, 81-83 
of proteins, 83, 160 
of sugars, 406 

polarimetnc measurement, 75-76 
Optical density, 72 
Orcinol test, 407 
Orinase 942 
Ornithine, chemistry, 65 
conversion, to arginine, 811-812, 814 
to citnillme, 852-853 
to dibenzoylonuthine, 719 
to dmicotmoylomithme, 991 
to glutamate, 812-814 
to prolme, 812-814 
to putreseme, 815 
deamination, 752, 812 
formation, 812-815 
from argmine, 65, 812, 849-850 
from c-ketoglutarate, 814 
formula, 65, 803, 814 
m alkaloid formation, 859-860 
in urta formation, 850-853 
occurrence, 65, 137 
transamidination reactions, 812 
transamination reactions, 762 
Omithme carbamyl transferase, 852 
Ormthme cycle, 850, 853 
Ornithine decarboxylase, 767 
Orotic acid, 896-898, 900. 902 
Orotidme-5 -phosphate, 897-898 
Obaxones, 408 

Osmotic pressure of proteins, 29-33, 112 
Osteomalacia, 1012 
Ostreasterol 624 
Ovalbumin, see Egg albumin 
Ovomucoid, 424-426, 691 
Oxalic acid conversion to formate, 520 
formation, from ascorbic acid, 539, 980 
from glyoxylate, 520 
from purines, 894 
occurrence, 516 

Oxaloacetic acid, conversion, to aspar- 
tate, 759-760, 762-763 
to citrate, 506-50S 518 
to fluorocitrate, 610 
to glj ox> hte 520 
to raalate, 316, 318, 502, 508 
to pyruvate, 511-513 
to threonine, 790-791 
formation, from asparagine, 763 
from aspartate, 755, 759-760 
from phosphoenolp>ruvate, 512 
in citnc acid cj cle 502 
in gl> c ogen formation, 495 
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Oxaloacetic acid, m glj ox> late c> cle, 520 
m nitrogen fixation, 678 
m photosj nthesis, 553 
m pjnmidine formation, 896-897 
Oxaloacetic decarbox>lasc, 511-513 
Oxalosuccmic acid 316 504 508 
Oxalosuccmic decarboxylase, 508 
Oxam> cm, 57 
Oxazolidone diones, 50 
Oxazolines, 56 
Oxazolones, 135-136 
Oxidases 216,286,368-369 
copper-containing 366-368 
iron-porph> nn, 347-366 
Oxidation, 285-286, 288-289 
/3 Oxidation-condensation theory, 592- 
593 

Oxidation potential, 293 
Oxidation-reduction potential, definition 
294 

determination, 291-293, 327 
effect of pH 296-299 
in electron transport, 371-372 
of biological sj stems, 299-300, 305-306 
of conjugated proteins, 303 , 322 
relation, to equilibrium constant, 300- 
301 

to free energy change, 301 
Oxidation-reduction reactions, 289-291, 
300-301 

biological, 303-306 313-329, 334-335, 
358-362 

coupled 371-372 
free-energ> changes, 300-301 
kinetics, 256 

semiqumone formation 290-291, 295, 
332 

Oxidation reduction systems, 289-290, 
300-301 

biological 299-300, 301 327, 360 363 
conjugated proteins as, 303 
electrode equation 293 296-298, 300 
organic d> es as, 302-303 
Oxidation theory 591-593 
Oxidative phosphory lation by mito- 
chondria 381-385 
effect of polynucleotides, 384 
effect of thyroxine, 385 944-945 
m actn e transport 923 
m phospholipid formation, 616 
in photosymthesis 554-555 
in protein formation 734, 736, 747 
in urea formation, 853 
relation to citric acid cycle, 521-524 
uncoupling 385, 1014 
Oximes 678-679 681 


Oximinoglutaric acid, 681 
Oximino 2 »uccmic acid 677-678, 681 
^-Oxy acy 1 dehydrogenase, 598 
8-Oxy adenine, 886 
Oxybiotm, 99^997 

Oxygen combination with hemoglobins, 
173-177 

with my oglobms, 173-174 
formation m photosynthesis, 546 549- 
550 554, 556 

m catechol oxidase reaction, 833 
m homogentistic oxidase reaction, 827 
m hydroxy anthranilate cleavage, 841 
m hy droxy phenylpy ruv ate oxidation, 
826 

in kynurenine hydroxylation, 838 
m phenylalanine hydroxylation, 825 
in steroid hy droxylation, 643-644, 650 
in symbiotic nitrogen fixation, 678 
in try ptophan peroxidase-oxidase reac- 
tion 837 

transport m blood 175 920-921 
Oxygen electrode, 299 
Oxyhemoglobin 23, 172-177, 91&-921 
Oxymyoglobin 173-177 
Oxynenon, 572 
O'OO®*^ omc acid, 472 
Oxy thiamine 984 
Oxytocin, 141, 954 

pas 392 

PABA, see p-Aminobenzoic acid 
Palmitaldehyde, 346, 569-570 
Palmitic acid, formula 659 
fiee energy of formation, 237 
heal of combustion 226-227 
metabolism, 586-587, 610 
occurrence, 558-559, 573 
oxidation, 590 604, 609 
Palmitoleic acid 559,573 610 
Palmityl dehvdrogenase 597 
Pancreatectomy 587 940 
Pancreatjn 689 
Pancreosymm 955 
Panose, 454 
Pantetheine 992-994 
Pantetheine kmase 994 
Pantoic acid, 720-721, 993 
Pantoth< me acid conv ersion to CoA 994 
deficiency , 992 995 
formation 720-721,993 
mCoA 205 482 
occurrence, 992 
phosphory lation, 994 
\itamin activity 977, 992-993 
Pantothenylaminoethane thiol 992-994 



1058 


Pantotbenvlcvsteine, 994 
PantoyUAMP, 721 
Papam, action on fibrinogen, 702 
activation, 705-706 
ammo acid composition, 125 
crj stallization, 219, 704 
effect of ammopcptidase, 200, 261, 705 
in plastein formation, 721 
mercury derivative, 705 
ppptidc bond sjntbewa, 713 
pH dependence, 715 
phvsical properties, 705 
specificity 705 
terminal ammo acids, 143 
transamidation reactions, 715-716 
Papainases, 705-706 
Paper chromatography, 116-120 
Paramagnetism, 170 
Parathyroid hormone, 915 
Partial specific volume, 37, 41 
Particle weight of proteins, 29-44, 112 
Passive transport, 922-923 
Pasteur effect, 523-524 
Pauly reaction, 66, 72 
PC-c> tidyl transferase, 617 
Pectic acid 423 
Pectic enzymes, 438 
Pectin, 411,423, 538 
Pcctinase, 438 
Pelargonic acid, 611 
Pelargonidm, 671 
Pellagra, 308, 990, 992 
Pemcillamme, 60, 81 138 
Penicillin, action of peniciilmase, 711 
chemistry, 60, 81, 167 
effect on bacteria, 749 
formation 780 798-799 
nutritional effect, 1006 
occurrence 138 
Penicillinase, 219 711 
Penicillin G 60 
Pentachlorophenol, 385 
Penlosaraines 413 

Pentose nucleic acids, chemistry, 186-190 
determination, 192-193 
digestion, 877 
formation, 748, 900-902 
from viruses, 194, 197 
hydroljsis, by alkah, 188-189, 197 
by nbonuclease, 199, 877-879 
in protein synthesis, 735, 746>748 
interaction with proteins, 201-2(S 
linkages m, 199-200 
metabolic tumov or, 909-902 
nucleotide composition, 195-197 
Occurrence, 192-194 
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Pentose phosphate pathway, 525-535 541 
551-553 

Pentoses, chemistry, 404 , 406, 410 
conversion to hexoses, 529-533 
formation from hexuronic acids, 538 
in urine, 529 
metabolism, 527-535, 543 
tests, 407 

Pentosuria 541-542 
P enzy me, 505-606 
Peonidm, 671 

Pepsin, action, on ACTH,951 
on cytochrome c, 352 
on pepsinogen, 688 
on proteins, 686-689 
on synthetic substrates, 686-687 
autodigpstion, 220, 688-689 
crystallization, 23, 219, 686 
denaturation, 272 
discovery, 210, 685 
formation, 68S^89 
in digestion, 694 
inhibition, 689 
m plastem formation, 721 
lonizable groups, 98 
isoelectric point, 102, 686 
occurrence, 685 
particle weight, 686 
pH dependence, 271, 686 
specificity, 686-688, G9S-699 
Pepsinogen, 688-689 
Peptidases, action, 216, 274, 698-699 
actuation, 262-263, 707-708, 910 
esterase action, 696 
m animal tissues, 685, 701-702 
in digestion, 695-696, 69S-700 
m microbes, 707-708, 745 
m plants, 707 

specificity, 274-275, 698-699 
Peptide bond, definition, 52 
enzymic clea\age, analytical methods, 
709 

by proteolytic enzymes, 282, 685-708 
energy changes, 378, 7II-7I3 
in digestion, 684-685, 694-696, 698- 
700 

enzymic synthesis, 713-718 
role of ATP, 718-721 
in proteins, 129-131, 141 
Peptide Imkage, see Peptide bond 
Peptides, ammo acid sequence, I4I-I47 
as antibiotics, 137-138 
as growth factors, 745, 1008 
aa hormones 140-141 
chemistry, 129-130, I32-I36, 155 
chromatography, 147 
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Peptjdes enzymic cleavage 685-708 
enzymic sjmthesis 716-717 
helical structure, 160 
hj drogen bonds m, 155 
m digestion, 691-696, 698-700 
m plasma, 739 

in protein hjdrolj sates, 130 145 
m protein synthesis 737-738, 745 
ionization, 713 
isolation, 139-140 
occurrence, 136-141, 779, 862 
sjTithe'is, 132-136 
UDP-deri\atives, 749 
X-ray analysis, 157-158 
Peptone, 130 708 
Peracetic acid 58 
Performic acid, 145 
Perfusion of organs, 399 
Periodate oxidation 56-57, 64 420 
Penodicitj hjpothesis 147-148 
Penplogenm 637 

Pernicious anemia 876 1004-1005 
Peroxidase, catalytic action, 216 363-365, 
980 

crystallization 219 363 
enzyme-substrate compounds 251, 
364 

occurrence 164 363 
physiological role 364 
properties, 161, 179, 363 
PGA, see Pteroylglutamic acid 
pH, 18, 86-88 236 
determination, 19 296 
effect on optical rotation, 79-80, 97 
indicators 88-89 
m enzymic reactions, 271-272 
intracellular, 921-922 
of blood, 100 916-921 
Phalloidme, 138 
Phase rule, 2^26 
Phcnacetunc acid 590 
Phenazine mothosulfate 344 
Phenol, 537-638. 795-796 832-835 
Phenol oxidase 366-367 980 
Phenolphthalem 89 91-92 
Phenol red, 89 

Phenolsulfunc acid, 795-796 
Phenylacetic acid, excretion, 719, 825 
inhibition of carbox\'peptida«e, 258 
metabolism, 590 825 832 
Phony lacetylgliitamme, 719 825 
Phenylalanine, absorption <!pcctrum, 73- 
74 

chemistry, 67-68 118 
formula 68 

ti-Pheny lalanme, 137, 258, 752 
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L-Pheny lalanme, breakdown, in mam- 
mals, 824^28 
m microbes, 832, 834 
conversion, to adrenalin, 828-829 
to lignm, 835 

to tyrosine, 824-825, 832, 834 
deamination, 752 
decarboxylation, 766-767 
formation, 834-^5 
m alkaloid formation, 859-861 
indispensable nature 724-725, 728 825 
ketogemc action, 764 
metabolism, 824-^35 
occurrence 67-68, 125, 207, 862 
optical rotation, 79 
Phenylalanine hydroxylase 825 
Phcnylalanme-3,4-qumone, 831, 839 
2-Phcny 1-1, 4-benzopy rone, 670 
Phemlbutync acid, 590 
o-Pheny lenediamme, 1004 
p-Phenylenediamme, 359 
^-Phenv lethy lamine, 767 
Phenylhydrazine, 408-409 
Phenylisocyanate, 50 
Phenyiisothiocyanate, 50, 143-144 
Phenylketonuria 825 
Phenyllaclic acid, 825 
Phenylpropionic ncid, 590, 694 
Phenylpyruvic acid, 825 832 835 
Phenylpynivjc oligophrema 825 
Phonylthiocarbamyl method, 143-144 
Phcnylthiohydantoic acid, 50 
PhenylthiohydantoiD, SO, 144 
Phenylvalenc acid 590 
Phcophorbide a 182-183 
Pheophytm a 182 
Pheoporphy rm aj 182 
Phlorizin 441, 490 763 
Phosgene, SO 
Phosphagens, 485-487 
Phosphatases, action 450 580-584, 880, 
994 

activation 262-263, 581, 910 
clossiffcatioQ 580-581 
energy of activation 264 
in bone 581 968 
inhibition by phosphate, 581 
occurrence, 493, 581-583 
transphosphory lase action 582-583 
Phosphate in alcoholic fermentation, 
457-459, 470, 473-474 
in anaerobic glycohsis, 488-490 
m blood, 100 918 
hormonal control, 945 968 
incorporation, into nucleic acids 901- 
902 
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Phosphate, incorporation, into phospho- I 
hpid?, 615-618 , 

into phosphoproteins, 741 j 

indispensable nature, 911 i 

m fatty acid oxidation 60S 
m gljccraldehyde-S'Pho'iphate dehj- 
drogenase action, 324^26 
m phovphorjlase reaction, 439 
m SticUand reaction, 757-75S 
interaction wth proteins, lOS i 

m urine, 918 
occurrence, 911 

Phosphate esters, energj changes, 377- 
379 

hjdroljflis by phospbatn=es 580-584 
Phosphatidafammoethanol, 669 
Phosphatidalchohne, 569 
Phosphatidalscrine, 569 
Phosphatida«e G, 580 
Phosphatidcs, 66^70 
see also Cephahns, Lecithins 
Phosphatidic acids, 567, 815-617 
PhosphatidyJammoethanol, 568, 578-580, 
615-617 

Phosphatidylchohne 567 579, 015-618 
Phosphatidjhnositol 570 
Phospbatidylsenne 568, 578-680 
Phosphoamides, 378-380. 485, 681- 
682 

Phosphoarginme, 65, 378-379. 485 
Phosphocreatiae, see Creatine phosphate 
Phosphodiesterases, 1*>0, 581, 5^, 879 
PhosphoenoJpvruvic acjd, action of ATP- 
pha«phopjTui ic transpho^pliorj l- 
ase, 473, 476 490 

action of enolast, 378. 471-473. 476. 
490 

conversion to gljcogcn 495 
fixation of COj 512 
formation, from oxajoacetate, 512 
from 3-phosphoghcreraie, 471-473 
from p>ruiate 513 
hsdrobsis, energj change, 378, 472 
ensjmic, 5S1 

in shikiinie acid formation, 541 
Phosphofructokinase 461 
Phosphoglucoisomerase 460 476 490 
Phosphoglucomutase 461-462, 492 
PhosphoglucoDic acid, 311, 313-314 S26 
536 

Phosphoglucomc dch> drogenase, 526 
Phosphogluconofactone, 310-311 313-^14 
62C 

Phospliogbceracelals, 568 
Pbosphogb cerate kinase, «ee ATP-pho^ 
phogb cerate transphosphorjlase 


INDEX 

2- Phosphog!yceric acid, 378, 471-473, 476, 

490 

3- Phospbogljcenc acid, conversion, to 

phospboenoJpyruvate, 471-473 
to 2-pho3phogl> cerate, 471, 476, 490 
loscrme 789 

formation from diphosphogl> cerate, 
376 470-471, 476 
formula, 471, 528 

in alcoholic fermentation, 468, 471-472, 
476 

in photosjnthesis, 527-528, 550-553 
Pho<phoglj cerides, 568 
Pho^hogl>ceroisomeraite, 469-470, 494 
Pho9phogl>ceromutase, 471-472, 476 490 
PhosphohexoiAomerase 460 476, 490 
PhosphohPYokinase, 461, 476, 490 
PhosphobjdroY>pyruric and, 789 
Phosphomositides, 670 
Phosphoketopentoppimerase, 527 
Phospholipase A, 578-580 
Phospholipase B, 679 
Phospholipase C 579-680,910 
Phospholipase D, 580 
Phospholipids, cbenustry, 566-571, 573 
classificalioQ, 568, 671 
digestion 578-680,585 
eD#> mit h> drol> sis, 578-580 
formation 585, 615^18 
in succinoxidase, 359 
intestinal absorption, 585 
metabolic tumov er, 5S8 
occurrence, 566, 573 622 
ph> siological role, 580 
I Pbosphomannose isomerase, 463 
I y>. , » tJ.,.. 7(Vl 


Phospboprotem phosphatase, 582, 742 
Phosphoproteins, 17, 56 108, 741-742 
Phosphoribomutase, 527 
Pho^honbo^Jamme, 890 
Phosjibonbosj Jp} r ophospbate, formation, 

m 

formula, 843, 885 
in histidme formation, 821 
in indole formation, 842-843 
m nicotinamide nucleotide formation, 
990 

m nucleotide psTOpho’phorylase reac- 
tion, 884-^5 
in punne formatjon, 890 
in pj nmidine formation 698 
Phosphonbulokinase, 527 
Phosphonc acid, 88 237,441 
Phosphoroclastic reaction, 483 
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puntics can knd to crroncou** amljtieal tlntn Sj)ccnl care must be 
taken, therefore, in the purification of tlit isolated material prior to 
isotope nnal\eis In tht npphcition of the “pips\l nietliod/' the possi- 
hiiiU of ench error lin-' lieen reiluced In the «imuUaneoU'‘ ucc of h\o 
t\pcs of i^-otojiic label", pip‘'\ 1 ihloridc cent iimnp i" cmplo\cd in 
tlic treatment of the prottin indroI\*>itt, and the i irrier i" tlie appropri- 
ate pip'-jhinino acid labolc<i with radioactne sulfur (S'^®) 

A" will he "cen from the abo\c the dt\clojmicnt of relnhlc and con« 
\cment method" for tiu amino acnl aniKsi'* of protein" ha*' called into 
plaj the skill and lngcnult^ of manj brilliant in\estigator« It is not to 
detract from these ichic\ cments lo •‘U that the ‘•olution of the problem 
of ammo acid anal\‘*i‘« has not soKtd the problem of protein structure 
TMiat it has done i" to place the "tmU of proteins nl the historical stage 
reached for simpler orpnmt molecules around 1&’)0, when it became 
possible to calouhlc the rclalne proportions of the ntom« constituting 
tlicsc simpler compound' I rom this organic chcim"t‘* could proceed 
to the (lettrmination of the arrmgement of tlic atom" in an organic com- 
pound In the same waj protein clitini"ts hn\c proceeded with greater 
confidence to the consideration of the spUial arrangement of the ammo 
acids eonstitutmg a protein moltculc 

The Peptide Bond 

In 1902 Lnul Tischer and Irani Hofmci'ter mdependenth nd\nnccd 
the lupothc'is that in proteins the o-amino group of one ammo arid 
and the n-carhoN\l group of mother amino acid arc joined, with the 
elnmnation of a inolteult of water, to fonn an miide linkage The 
product of -tich i coixltns ition rt iclion is a “peptide," and an amule 
linkage joining two amino acids is a peptulc Ixuid" or 'peptide linkage " 

It H' K It' 

OOII + MIjUKCHlII 0 -\Ultl( 0011 

\riiir¥. •n! Cnuii*, *0! Irfitilr 

I ich ammo acid unit of tin ptptide eh nn is U'UjII\ tirnu'd an ammo 
acid ‘risjclm and It Is ru'loiii »r\ lonnm peptide- as af\l ited deriva- 
liMs of the ammo aeid h< irmg tlu fret o-earhowl group a'* shown 

( IU( Ih)2 

I 

MI:( IICO-MK lI-( ortll 

on, < iijoit ( iijt ooit 


MI ( IK O-Mli IK O - MK Iirooil 
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Poikilothernuc organisms, 930, 937 
Polanmeter, 75-76 

Poljafimity theory, 277-278, 69S-699 

Polyglycine, 160 

Polyljsmc, 202 

Polymyxins, 81, 138 

Pol 3 Tieuritis, 983 

Polynucleotide phosphorylase, 881 
PoljTiucleolides, enzymic clea\age, 878- 
881 

enzymic synthesis, 880-882 
nucleic acids as, 198-199 
PoljTieptides, see Peptides 
Polyphenol oxidase, 366-367, 980 
see also Tyrosinase 
Polyphosphates, 584 
Polysaccharidases, 431, 433-438 
Polysaccharides, as antigens, 427-429 
bacterial, 428^29, 885 
chemistry, 417-429 
definition, 402 
enzymic cleavage, 433-439 
enzymic sjnthesis, 441-445, 451-455, 
463 

m hexolanase, 459-460 
in phosphorylase reaction, 442 
nutrient, 417 

occurrence, 417, 421-424, 426-427 
structural, 417 
tests, 407,417, 421 

see also MucopoI> saccharides, Muco- 
protems 

Polystyrene, sulfonated, 47, 122 
Polyuna 949,953 
P/0 ratio, 381-383, 521-522 
Porphm, 165-166 
Porphobilinogen, 868-872 
Porphobilmogenase 868 
Porphjria, 167, 868, 872, 876 
Porphyrins, absorption spectra, 168-169 
chemistry , 165-167 
growth factor activ itj 871-872 
m porphj ria 872 
iron complexes, 165, 169-172 
metabolism, 864-872 
metal complexes, 169-172 
occurrence, 165-167, 181-182 
urmary excretion, 167, 872 
Porphj ropsm, 660 
Positue mtrogen balance, 723-724 
Potassium, effect on enzymes 473 910 
925 ' 

hormonal regulation, 947, 966-967 
physiological role, 909-910 917 
transport, 817, 917, 923, 926-927 
Potentiometnc titration, 294-296 


Precipitin reaction, 739-740 
Pregnane, 638 
5o:-Pregnane, 638 
S^Pregnane, 638 
Pregnaoediol, 639-642, 648-649 
PrcgnaDe-3,20-djone, 648 
Pregnant mare serum gonadotrophin, 95o 
Pregnenolone, 643, 648 
A^Pregnen-20a-ol-3-one, 649 
PR enzyme, 440 
Prephenic acid, 834-835 
Pnme\ erose, 416 
Procarboxypeptidase, 696 
Prodigiosm, 168, 872 
Profibnnolysm, 703 
Progesterone, formula, 640 
metabolism, 642-643, 647-650 
occurrence, 638-639 
physiological effects 638, 948 
secretion, 948, 950 
Prolactin, 950 953 
Prolamines, 16-17, 62, 742 
Prolidase, 685, 698, 702 
Prolme, chemistry, 48-49, 76-71, 118 
formula, 70 

L-Prohne, com ersion, to J-ammoi alerate, 

758 

to glutamate, 812-814, 816 
to hydroxyprohne, 816-816 
deamination, 752 
dehydrogenation, 813 
formation, 812-814 
glucogenic action, 764 
metabolism, 812-814, 815-816 
occurrence, 70, 125, 862 
optical rotation, 79 
Prolme oxidase, 813, 964-965 
Prohne reductase, 768 
Propanediamine, 815 
Propanediol, 606 
Propionamide, 711 
Propiomc acid, actuation, 601-602 
conversion, to /S-alanine, 779 
to higher fatty acids 612 
formation, from fatty acids, 601 
from glj cerol, 510 
from raethiomne, 794 
from serine, 778-779, 791 
from threonine, 791 
m fermentations, 510 778-779 791 
oxidation, 601-602 
Propionylchohne, 577 
Propionyl-CoA, 601, 781, 78J-7S5 
Prosthetic group, 17, 162, 321 
Pfostigmine, 578 
Protaminase, 689 
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Phosphoroljsis, 216, 326, 430 
Phosphorj lase li\er, 440-141, 494, 961 
potato, 443-444 449 
Phosphor> lase a, action 441-445, 449 
cr>stalli 2 ation 23,219,439 
formation, 737 
m gl> cogen formation, 492 
inhibition, 441 
kinetics, 441-442 
particle weight, 439 
pyrido^al phosphate in, 440 
Fhospfaorjiase b, 440, 960-961 
Phosphorylase-rupturmg ensjme, 440 
Phosphoryla'ses 283, 438-450 
Phosphorjlating enzjme 505-506 
Phosphorylcholme, 579-580, 582, 616-618 
3-Phosphorjl-i>-gljoeric acid see 3-Phos- 
phogljcenc acid 

Phospho'crme, enzjmic hjdrobsis 5S2 
formula, 55 
metabolism, 742 789 
occurrence 56, 462, 686 
Phosphotransacetj lase, 483, 910 
m acetjl CoA formation, 483, 598 
m citrate formation 506 
in fatty acid oxidation, 60S 
Pho«photuQgstic acid 113 
Phost itm, 56, 5S2 

Photodissociation of CO-heme proteins, 
177,348-349 363 
Photolj SIS of water 649-550 
Photon, 391,647 
Photoreduction, 546 653-555 
PhotosjTithesis, 545-556 
alternati\ e pathwa> s, 552 
aspartic acid m, 553 
ATP formation, 554-555 
biological importance, 285, 545 
carbohydrate formation 550-553 
chlorophj 11 m, 553-556 
CO 2 fixation 546-547, 549-553, 555-556 
efficiency, 547 555-556 
energy relations 555-556 
Hill reaction 553-555 
hydrogen formation 676-677 
lipoic acid m, 553-554 
nitrate reduction m, 680 
oxaloacetate in 553 
pentose phosphate pathway, 551-553 
photochemical reaction 546 549-550, 
553-556 

Phototropism 658, 972-973 986 
Phrenosm, 572 
Phthalic anhydride, 50 
Phthalocyanme 157 169-170 
Phthaloylammo acids, 135 


Phthicnoic acid, 558 

Phthiocol, 299 668 

Phy cobilms 168, 548 

Phycocyanins 168 

Phy coerj thrms, 168 

Phx lloqumone 668,1014 

Physoatigmme, 861 

Phy toene, 654 

Pliytofluene 654 

Phytohormones 971-975 

Phylol, 182 657 663 

Ph^ (omonic acid, 560 

Ph^ tosphmgosme 571 

pl, 94, 100-101 

^-Picoline 991 

Picohnic acid 841 

Picric aeid 64, 108 

f*Pimanc acid 663 

Pimelic acid, 997 

«-Pinene, 662, 665 

Pipecohc acid, 71, 80S-S09 

Piperidine-2-carboxylic acid 71, 808-809 

A>-Piperidine-2-carboxylic acid 809 

A®-Piperidine-2*carboxy lie acid, 809 

Pipsy lamino ands, 128-129 

pA,87 228 

Plakalbumin, 70S 

Planck’s constant, 26C, 547 

Plant growth hormones, 972-974 

Plasma cells 740 

Plasmalogens, 568 

Plasmal reaction, 568 

Plasmapheresis 738 

Plasma proteins, abnormal metabolism, 
741 

as blood buffers, 100, 918-921 
binding of CO 2 , 919-921 
electrophoresis, 105-106 
formation 734, 738-741 
fractionation, 16, 19, 22 
gly coproteins, 425 
interaction with 10 ns 22, 108 
lipoproteins 573 
physiological functions, 739 
see olso Fibrinogen, Serum albumin, 
Serum globulins 
Plasmtn, 703-701 
Plasminogen 703-704 
Plastem 721-722 
Platelet substances, 703-704 
Pleated sheet structure 158-159 
PMSG 955 

PNA, see Pentose nucleic acids 
Pneumococcal polysaccharides, 428-129 
Pneumococci transformation of t\pes, 
200 
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Proteins hjdrogen bonds in, 154-155, 
15a-160 

hjdroljsis b> nciil, 46-47, 113 
by alJaih, 47-48 60 65 
bj cn2\ mr'j, 69-70 154 686-690,695 
ionization 98-112, 153-154 
interaction nith ions, 20-22, 96-97, 108- 
IIO 

isoelectric pomt 100-IQ2, 112 
Lsoionic point 100-101 
isolation 16-24 101-102, 105-107 
light scattering 33-35 
linkages in 136-132 154-156, 686, 690 
minimal molecular weight 2^29 
molecular ncighl 43-44, 160-181 
nitrogen tontent, 27-28 
Jv-tcrrainal residues 143 
optical actiutj, 83 153-154, IGO 
osmotic pressure, 20-33 
partial specific \olumc, 37 41 
particle weight, 20-44 
peptide nature 130-132, 141, 148, 686 
pla'ma, tcc Plasma proteins 
precipitation, 20-22 108, 700 
salting m 21-22 96-97 
salting out. 19-21 96-97 
ecdimcntation 35-43 
shape 29, 148-152 154 
so!ubiIit> 16-21 
as criterion of puntj 25-27 
effect o( denituntion 153 
effect of dielectric constant 20 
effect of ionic strength 19 21, 96-97 
effect of pH 19 101-102 
effect of temperature 18 
specific dynatnic action, 937 
structure 113-161 
sulfur content 28 61 
surface films, 155-166 
urmaT3,425 741 
MSCO«U> 151 
X-raj anal>^j« 157-100 
Protemuna 425 "41 
Proteoljtic enzimc« 6S4-70S 
mautoljsis 700-702 
in digp-tion 684-6S5 604-606, 698-700 
occurrence 685,706-708 
specificit>. C9S-701 705 70S 713-716 
Proteo'c 130 
Prothrombin 668 703-701 
Protoaneraonm 637 
Protocatcchuic acid S32-S34 
Protocatechmc oxida»c, 831 
Protogen 1006 
Protoheme, 165 
Protoplast, 747 
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Pfoloporphj nn absorption spectrum, 169 
as growth factor, 871-872 
comcrsion to bile pigments, 873-874 
formation, 864-869 
formula 165 

m chlorophj II formation, 871 
m heme proteins, 165 351-352, 363 365 
metal complexes, 169 
Pro\ itamms, 655 1000-1012 
PRPP see Phosphonbosolpjropho'T'hate 
Pficudocholme esterase, 578 
Pseudoglobulm, 17, 21 
Peeudomonomolecular reaction 247-248 
Psc«do-t itamia Bjs, 10(^ 

Ptenns, 207-203, 1000-1001 
Pterojc acid 207 

Plero>ldiglutam>lglutamic acid 998-939 
Ptero>lglutamic acid antimetabohtcs, 
1001 

cUemistr>,773 

dcficienc>, 1001 
formation 1000 
formula 207, 998 
formjJ dernatnes, 773-775 
glutamic aud conjugates 990-1000 
bjdrox>Tneth>l demalives, 775-776 
m gbcine metaboli«m, 773-775 
m histidine metabolism, 82I-S22 
m methionine formation, 807 
in metb>l group oxidation, SOS 
m punne metabolism, 8S9 891 894-895 
m aenne metabolipm 773-775 
m thjmme formation 808 
mclabohsm, OSO. 1000-1001 
occurrence, 207 99S-IOOO 
X ilamm actn it> 99S-1000 
Pteroylhcxaglutamj fglutamic Bcid 999 
Punne nucleoside pho'TJhorj la«e, 883-8S4 
Punoes absorbance, 193 
as growth factors 893 
breakdown 856-857, S94-S93 
deamination, S85-8SG 
formation, 774, SS7-S01 
incorporation into nucleic acids 900- 

m 

m nucleic acids 187-183, 191, 195 
in nboflaim formation 985 
mterconx crsion S9I-S94 
occurrence, 203-207, lOttl-IOOl 
test* 195 

Puromjtm, 206-207, 413 
Piitroscinc, 767 815 S23, SG2 
Pjoejanme 299 
PjTamin 983 
Pjranose 403 
PjTanoside 408 
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Protamines, action of protcol> t»c en- 
zymes, 6S6, 6S9-690 
chemistrj,64 66 201 
occurrence 17 184, 201 
Proteases, see Proteoljtic enzjines 
Proteinases, action, 216 267, 684-695 
activation, 705-706 707 
esterase action 690 693-694, 701, 705 
m blood coagulation 702-703 
inhibition, 705, 706 
in peptide bond formation, 713-717 
intracelluhr 700-702 
microbial, 707-708 
plant, 704-707 

specificitj 274-275, 698-700 713-716 
transamidation reactions, 714-717 
Protein metabolism amino acid incorpo- 
ration, 729-738 744-745 
digestibilit\ of proteins 695 727 
digestion of proteins, 684-685 694-696, 
698-700 

dynamic state 728-734 
effect of antibiotics 1006 
endogenous 729 734 
end products 729, 847-848 
exogenous 729 

formation of proteins 673-074 727 
729-741 

hormonal regulation 901-900 
mbactern 744-746 
in plants, 742-744 
nucleic acids in 746-749 
theories, 737-738 

hormonal control 958-959, 901-900 
m diabetes, 958 9o9 965 
intracellular breakdown 730 742 
link to carbohjdrato metaboli«m, \n 
alanine, 754, 778 
'la arginine 813 
■via aspartic acid 818 
Ma glutamic and 7o4, 813, 817-818 
via gh cine 777 
via histidine, 821 
via I'olcutine 783 
via a keto acids 759 763-760 
vialoucme 786 
\ial>sino,808 810 
vn methionine 794 
via prepheme acid 834 
via prolino 813 816 
via'cnne 777 789-790 
viathrconmo 790 792 
via transimination 763-760 
via trjptophan, 812-814 
via tjrosine 827 835 
via valine 780-781 783 
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Protein metabolism, link to lipid metab- 
olism 611, 763-765 
via isoleiicine 784 

V la leucine, 787-788 
via Ivsine 810 

via threonine 792 

V la tyrosine 827 
nitrogen balance 723-728 

turnover of proteins m animal ti-siies, 
727-736 
m bacteiia 746 
m pi mts> 743-744 
of pla^ma 738-739 741 
vitamm Bi 2 111 1005-1006 
Protein minimum 724 
Proteins absorb incc, 37-38 40 74 97 
adsorption 22 24 

ammo acid composition 113-116 120- 
129 

ammo acid sequence 142-143, 145-148 
ammo acids m, 45-16 81-83 
antigenic nature, 221, 739-740 
association, 21 43, 110 
asjmmetr>,83 278 
biological \ alue 727 
biuret reaction 130 
buffering properties 100 
caloric \ aiue 932-933 937 
(arbammo derivatives 51 919 
chromatography 24-25 126 
clas-jification 16-17 
colloidal behavior 29 
color tests 72, 130 

conjugated proteins 17 220 303 321 
crystallization, 22-25 217-219 
C-tcrminal residues, 143 
dcnaturation 18-19 24 153-165 
fhemical changes, 148, 160, 234 695 
energy ihanges, 233-234 
kinetics 269-270 
dielectric constant 20 152 
diffusion 41 149-151 
«lissoriation 43 
electron microscopy 35 
electrophoresis 102-107 
elementary compo'ition 27-29 45 
end gioup analvsis 141-144 
flow buefnngcncc 152 
formol titiation OS-99 
fractionation 17-24 
frictional latio 149-151 
Gibbs-Donnan cffcit 111-112 
helical structure 159-160 
historv , 14-15 

homogeneity, 24-27 40 105-106, 247 
hydration 149-151 
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Pyruvic acid, oxidation, m thiamine de- 
ficiency, 9S2-983 
phosphoroclastic cleavage, 483 
phosphorjlation, 474, 513 
reduction, 289-290 
Pyruvic decarboxjlase, 475 
Pyruvic oxidation factor, 1006 
Pythocholic acid, 632 

Qio 263 
Qcoi, 288 
Qof, 288, 359, 936 
Q enzyme, 444 
Quantum v alue, 547 
Quercetin, 671 
Quinacrine, 337 
Quinaldic acid, 836 
Qumic acid, 541-542 
Quinine, 81 

Quinoline carboxylic acid, 836 
Quinolinic acid, 840-841 
Qumone, 289-290, 306, 367 

i2f,118 

Racemic acid 77, 84 
Racemic compound, 77, 81, 84 
Racemization 80 
Radioactivity, 392-393 
Radioautography , 550 
Rafimose, enzymic cleavage, 433, 452 
formula, 416 
occurrence, 417 
optical rotation, 406 
Raoult's equation, 30 
Rate constant, enzymic reactions, 250- 
256 278 
first-order, 244 

relation to equilibrium constant, 322- 
323 

rev ersible reaction, 248-249 
second-order, 248 
temperature dependence, 263-270 
zero-order, 245 
Rauwolfia alkaloids, 863 
Receptor destroymg enzyme, 427 
Reduction 288-289 
Reduction potential, 293-294 
Reductive pentose phosphate pathway 
551-552 ’ 

Reichert-Meissel number, 563 
Reineckate, 71-72 
Relativ e specificity, 276 
Relaxation time, 151 
Rennm, 219, 685, 689 
R enzyme, 436 
Replacement agent, 714 


Replacement leactions, 216, 273 
Reserpine, 863 
Resolution, 81,84 
Resonance hybrid, 166, 291 
Resorcinol, 407 

Respiration, cellular, CO 2 formation, 500 
502 

cytochromes in, 359-362 
effect of carbon monoxide 348-349 
effect of cyanide, 341, 347 
effect of vitamin E, 1013 
electron transport, 355-357 
flav oproteiDS in, 340-344 
m carbon cy cle, 545 
m plants, 367-368 
iron-porphyrins m, 347-362 
phosphorylation m, 381-385 
history, 6 285-286 
measurement, 288, 931-932 
Respiratory chain phosphorylation, 381 
Respiratory enzyme, see Cytochrome oxi- 
dase 

Respiratory pigments, 163-164, 180-181, 
348-349 

Respiratory quotient, 284, 932-933 
Resting potential 926 
Retinmei, 658-661, 1010 
Retinmeg 660-661 
Retmme isomerase, 660 
Rettnme reductase, 659 
Reversible boundary-spreading test, 106 
Rhamnose, formula, 411 
occurrence, 410, 416, 428, 570 
Rbamnulose, 450 
Rbizoptenn, 998-999 
Rhodanese 796 
Rhodanilate, 70-71 
Rhodopsin, 658-660 
Ribilol.330,412,986 
Ribofiavin, antimetabolites, 984-985 
auxin mactn ation, 974 
chemistry, 330-332 

conversion to Savin nucleotides, 335- 
336 

deficiency, 986 
estimation, 987 
fluorescence, 331 
formula, 330, 984 
metabolism, 985-986 
occurrence, 330 

oxidation-reduction potential, 299, 331 
relation to vitamm B 12 , 1004 
V itamm activ ity, 984, 986 
Riboflavm phosphate, see Flavin mono- 
nucleotide 
Ribofuranoside, 409 
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Pjrethrm, 662-663 
Pjrcthrolone, 662 
Pyridine-2-carbox}lic acid, 841 
Pyridine-3-carbo\>lic acid see Nicotimc 
acid 

Pyridinc-2 6-dic'arboxjlic acid 811 
Pjndme ferroprotoporphyrin, 170 
Pyridine nucleotide'!, absorption spectra, 
311, 313, 315 317 
addition reactions 313 320 
as growth factors, 308 990 
chemistry, 307-313 
m dehjdrogenaso action 313-329 
m linked dismutations, 327-328 
oxidation-reduction potential 304, 312 
oxidation-reduction reactions, 313^13 
reduced 312 

in oxidative phosphorylation 383-384 
oxidation bj cjtochromes, 341-344, 
355-357 

reaction with fla\ oprotems 334-335, 
341-344 

see also Diphosphopx ridine nucleotide, 
Tnphosphopyridine nucleotide 
Pyridme nucleotide transhx drogenases 
328 

Pyridoxal, 375 760-762 987-988 
Pjridoxal kinase 9S8-9S9 
Pyridoxal phosphate action 769-770 
formation, 375, 088 
formula, 375, 761 
in alanine racemase action 769 
in amino acid decarboxj lases, 76S-770 
in ammo acid metabolism 769-770 
m cjstathionine metabolism 794 
m desulfh>drase action 756-757 
in diamme oxidase action, 823 
in gljcme metabolism, 775 
in hydroxj ammo acid dehydrases, 756 
m k\nurenmase action 841 
in phosphorylasc 440 
in serine metabolism 775 
in threonine formation 791 
in transaminases 760-762 
in trjptophanasc reaction 844 
in tr>ptophan dosmohse reaction, 843 
Pj^idoxamme, 987 
Pyndoxamine phosphate 761-762 
PjTidoxic acid, 988 
Pjridoxme. 768-769 987 
Pj'ndoxme phosphate 762 

Pyridyl-3.aldeh> dc 991 
Pyrimidines absorbance, 193 
breakdown, 899-900 
deamination, 8S6 
formation S9o-899 
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Pjnmidmes, incorporation into nucleic 
acida, 900-902 

m nucleic acids 187-188 191, 195 
P> rocatechase 833 
7 -Pj rones, 543 

Pyrophosphatase 219, 489 681, 583, 994 
Pyrophosphate formation, 484, 616, 720, 
885 

hydrolysis 378, 489 
incorporation into ATP, 720 
Parrolidone carboxylic acid 63 
Pyrrolme carboxylic acid, 813 
Pyruaate kinase ace ATP-phosphopy ru- 
vic transpliosphorylase 
Pyrmic acid CO 2 fixation by, 510-513, 
515 

conversion to acetaldehyde 474-476 
to acetoin 47^80 
to acety 1 phosphate, 482-483 
to alanine 754, 760 778 
to cysteine 797 
to ethanol, 483 
to glucose 474 

to glycogen 405-496,514-515 
to isolcucine, 783 
to hctic acid, 316, 318, 490 
to leucine 786 
to malatc 508 512-513 
to oxalojcetate 506 511-512 
to phosphoenolpyruvate, 473 
tosenne 789 
to bucemate, 508 519 
to valine, 783 

formation, by glycolysis, 478 
from acetate, 513-515 
from alanine, 757 
from cystathionine 795 
from cysteine 756, 797-798 
from eystme, 58 
from gluc.oae, 478 535 
from ketohexonic acids, 535-536 
from mercaptopyruvate, 796 
from mesaconate, 818 
from phosphoenolpyruvate, 473 
from senne, 50, 756 
from try ptophan 844 
m citric acid cy cle 502, 508 
m fermentation 474-476 
m glycolysis 490 
m lysine formation, 810 
m prepheme acid formation 835 
metabolism 474-476, 478-483, 500-510, 
516-517 

oxidation energy relations m, 521-524 
m muscle, 500-510 523 
in liver 510-512 
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Sencin, 65 

Senne, cherrustrj, 51, 55-57, llS 
formula, 55 

i>Scrme, cooiersfon, to aminoethanol, 
777 

to cjsttttiuomne 791 
to gljcme, 772-775 
to hj drotj'pj rui ate, 5^ 
to S-meth>lcjstciQc, 795 
deamiQation, 752 755-750 
fermentation, 779 799-791 
formation, 772-776, 789 
glucogenic action, 764, 790 
isoH*ion 65 

metabolism, 772-775, 789-790 
mcth>} group formation 806-807 
role of PGA. 773-775 
role of plridoxal phosphate 775 
occuttetkce S5-57 125 480 508-569 
optical rotation, 79 
role in gl>cme mctaboii'»m, 777 
m sphingosiDC formation 618 
in {rj^itophan formation, 843 
in uric acid formation, 851 
Serine aldolase, 775 
Senne dehjdrase, 756 770, 790 
Senne hjdroxjmethjlaoe, 775 
Serotonin 767-768 844-846. 863 
Serum albumin absorbance 74 
atnino acid composition 120, 122 
binding, of biiirubm 874 
of tons, 109 
of steroids 110 
cleavage bj pepnn 6S6 
c\cclTophon«ia, 106 
in blood 363 
isoelectric point 102 
isotonic point 100 
isolation, 19 22 
metabolism 735-739 
osmotic pressure 33 
particle weight, 42 
shape, 151-152 
solubihtj 21 

terminal ammo acida 143 
Serum globulins, m blood 163 
isolation 19 
metabolism, 73S-739 
sec also p- and 'y'Globulms 
Serjlarginmc 692 
Sesquiterpenes, 661-663 
Shikiraic acid, 541-542, 834-835, 842 
Shikimic acid-5-phosphate, 835’ 

Siahc acid, 426 

Sickle cell anemia 163 869-870 
Siderophilin, 913 


I Silicon, 908 
Silk fibroin. 53-55. 148, 159 
Silver, 113,257,908-909 
Simmoads’disease, 950 
Simultaneous adaptation, 832 
/S-Sitosterol, 622 
7 -Sitosterol, 622, 624 
Skatole, 844 
Snell's law, 74 
Soaps, 558 , 575 

Sodium, effect on enzymes, 473, DIO 
hormonal regulation, 917, 966-967 
physiological role, 910, 917-919 
transport, 917, 923, 926-927 
Sohnain.TO? 

Solubility product method, 114 
Soluble bound biotm, 995-997 
Somatotrophm, 950 
sec also Growth hormone 
Somogjj method, 407 
Sorbitol, conversion to fructose, 495 500 
formation from glucose, 495 
formula, 412 
occurrence, 411 
ovidalion, 543 

Sorbitol dehydrogenase, 495 
Sorbose formation, 543 
formula, 410 

in disacchatides 447, 448, 450 
Soretband 168 
Specific absorbance, 72 
Specific activity of enaymes, 246-247 
Specific dynamic nction, 937 
Specific radioactiv itj , 393 
Specific rotation, 78 
Spcctfopfiotometry, 72-74 
Spermidine, 6G 815 
Spermine 66,815 
Sphmgolipids 671-573 
Sphingomyelin formation, BIS 
formula, 571 
hydroly sis, 679 
occurrence, 573 
SphiDgOaine, $71-572 618 
Spmasterol,622 

SpiTOffraphts respiratory pigment, 163, 

166, 178 
SpoBgosine, 206 
Spongothymidme, 206 
SpongourjdiDe, 206 
Spreading factor, 438 
Squalenc, foiitiation, 627-631 
formula, 827 

in choleaterol formation, 628-629 
m ebuncoic acid formation 680 
in ergosterol formation 629 
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RiboUnase, 528 

Ribonuclease, action on PNA, 190, 196, 
199 

ammo acid compobition, 124, 147 
chromatography, 25 
crjstallization, 219 877 
effect of proteolj tic enzyrazes, 220, 708 
878 

effect of urea, 878 
formation, 735, 737-738 
frictional ratio, 150 
heat stability, 153, 877 
homogeneitj , 25 

inhibition of ammo acid incorporation, 
747 

isoelectric point, 102, 877 
molecular weight, 42, 124 877 
occurrence, 879 
pH optimum, 878 
gpecificitj, 190 583 878-879 
terminal ammo acids 143 
transferase action, 878 
Ribonucleic acid, see Pentose nucleic 
acids 

Ribose, chemistrj , 410 
formula, 188 404 
m gl>cine formation, 772 
in nucleotide formation 885 
occurrence 188, 206-207 885 1002 
optical rotation, 406 
phosphor>htion, 628 
Ribose-I,5-diphosphate 527 
Ribose nucleic acid see Pentose nucleic 
acids 

Ribo«e-l-pho«phate 527 883-884 
Ribose-5-phosphate, com crsion to PRPP 
885 

formation, from riboso, 528 
from nbuIose-5-phospliate 527 
formula 527 

m histidine formation 821 
in mdole formation 843 
m phosphoribomutase reaction, 527 
in transaldola'se reaction 531 
m transketola«e reaction, 529-530 
Ribo®e-5-phosphate isomerase 527 
Ribos>limidazoljlacetic acid 823 
Ribulokmase, 528 
Ribulo'e 410,528 

RibuIose-U-diphosphate 527-52S 551- 
552 

Ribulose diphosphate carboxylase, 527- 
52S 

Ribuloee diphoephate di«mutise 527-628 
Ribulo^e-5-phosphate, 52(5-528, 551-652 
Ricinoleic acid 562 


Rickets, 1012 

Ringer’s solution 925 

RNA, see Pentose nucleic acids 

Robison ester, see Glucose-6-phosphate 

Rotary diffusion, 151 

RQ 285 932-933 

Rubber, 664-665 

Rubidium, 90S 010 

Rubixanthin 655 

Rutinose, 416 

S35 392 

Saccharase, see In\ ertase 
Sakaguchi reaction, 65 72 
Salmine 125 201 
Salting in 95-96 
Salting out 19-21 96-97,130 
Salting out constant, 21 
Santalbic acid 561 
Sapielic acid 663 
Sapc^cnms 636 
Saponification, 557-558 
Saponification number 563 
SaponiDS, 635-636, 664 
Sarcosine chemistrj 53 
metabolism 776-777, 805 
occurrence 53, 138 
oxidation 753, 807 
Sarcosomes, 359 
Sarmentogenm, 637 
SchardiDger dextrin 437 
Schiff bases, formation 51 
m transamination 761 
in trjptophan desmolase reaction, 
843 

of pjridoxal phosphate, 770 775 
Schifl’s reagent, 508 
Schlieren method, 37-39 104 
Sc-hmidt-Thannhauser method, 192 
Schneider method 192-193 
Scleroprotems 16 53, 148 
Scurvy 828 978-979 
Scjllitol 412 

Second-order reaction 247-248 256 
Sccretm, 140 940 955 
Sedimentation constant, 40-41 
Sedimentation equilibrium method 36-37 
Sedimentation X elocit\ method, 37 
Sedoheptulose, 409-410 530 
Sedohcptulose phosphate 530, 551-552 
Sedormid 872 
Selachjl alcohol 5CG 
Selenium 806, 90S 
Semiquinones 290-291 295 332 
Scnecioic acid, sec Dimcthjlacrjlic acid 
Sequential induction, 832 
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Sucrose, optical rotation, 40C 
SucrcKC phosphate, 450-451 
Sucrose p5io‘?phor>Jasc 440-449 
Sugar tolerance tun c 49S-499 
Sulfanilamide, 260, 719 
Sulhtases 796 
Sulfate, active 795 
formation 795-SfK) 
in copper metabolism, 914 
m mucopoljsaccharides, 424 
microbial utilization 709 
Sulfates ethereal, 795-796 
organic, 646-^7. 795-796 
SuHhydrj 1 compounds, activ atioa, of 
Bconitase, 5(S 
of enzjnics 262-263, 535 
of proteolj tic enaymes, 70l 705-706, 
70S 

reduction of keratin, 132, 6Q5 
SuUhjdrji group dissociation, 93-94 
m dehydrogenases, 324-326 
in proteins, 153 
reagents 68-59 
Sulfide, 799 

Sulfinylpynivic acid, 796-799 
Sulfite effect on carbohydrate metabo- 
lism 407,478 
metabolism, 796-799 
Sulfite oxidwe 797 

Suifonimidea, 260 719, 88S-889 924, 944 
Sulfonic acids, aliphatic, 108-109 
aromatic 64-66, 114 
SuUonmm compounds 380 80 i, 804 
Sulfosalicj lie acid 108 
Sulfur. 58 799-800, 909 
Sulfuretm 671 
Svedberg unit, 41 

Symbiotic nitrogen fixation 677-678 
Sjrmgaldehjde, 422 

Tabtoxmine 83 
Talose, 404 
'I'aoacetone 662 

’Tartaric acid occurrence, 5, 616 
i optical activ ity 75 77 
5 resolution, 84 
Taurine formation, 767 797 
I formula 58,797 
|in bde salts 633,635 
J occurrence, 58, 487 633 
Taurocholic acid, 633-635 
Taurocyamine, 487 
Taurocyamine phosphate, 4SG-487 
Taurodeox} cholic acid C34 
TDH «ee Gl; coraldeh, dc-a-phosphale 
dehydrogenase 


Telliinum, 806, 90S 
Template theory, 737-738 748 
Terpenes, formation 664-666 
structure, 661-661 
Terramycm 875, 1006 
Testosterone brcakiloam, 647, 649-650 
conversion to estrone, 645-646 
formation, 644-645 
formula, 6 11 
occmrcnce, 641 
Tetracosanoic acid, 559 
Tetradecanoic acid, 559 
TetracthyJpyrophosphitc, 134 
Tetrahydrocortisol, 647-648 
Tetrahydrocortisone, 647-648 
Tetrahydroharman, 861 
Telraby droly copene, 653 
TetrahjdroPGA, formula, 775 
m hisUdmc metabolism, 822 
m purine metabolism, 889, 891, SOa 
jn senne metabolism, 773-775 
3,5,3 ,5 -Tetraiodothj romne, S3l 
Tetranucleotide theory, J94 
Tctraphcnyl-p-phcnylene diamine, 290 
Tetraterpenes, 661, f^5 
Telroses, 404, 530-532. 552 
Theobromine, 206 

Tbemodyusmjca biochemical reactions, 
233-243 

biological systems, 230, 240-243 
chemical reactions, 224-233 
first law, 224-225 
second law, 228 

Thctm-homocysteine transmethylase, 802 
Thiammase, 983 

TJuamine, antimetabohies, 9S3-3S4 
conversion to allithiamine, 9S1 
deficiency, 9S2-9S3 
fslimatioa, 984 
formula, 9SI 
metabolism 9Sl 983 
occurrence, 980-981 
phosphorylation, 475 981-082, 984 
vitamin acluitj, 977, 980-981 
Thiammc kinase, 981-982, 984 
Thiamine monophosphate 982 
Thiamine pyrophosphate, formation, 475, 
981-982 9S4 
formula, 475 
m acetom formation, 480 
in «r-ketoglutarate decarboxylation, 
5fM-505 

m pentose metabolism, 529, 531 
in pyrruv ate decarboxylation 475.481, 

483 

m Stickland reaction 757 
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Squalene, occurrence, 628 
structure 664 
Stachjdrine, 859 
Standard state 233 
Starch, chemiatr^ 417-420 
formation 551 
h>drol>sis 433-437 
occurrence, 418 516 
phosphorolj si-i 439 
see also Amjlopectm, Am3lose 
Starch chromatographj 120 122 
Steadj state, 241-243 300-362 383-384 
Stearic acid formation 610 613 
formula, 559 
heat of combustion 227 
occurrence 559 573 
oxidation 609 

oxygenated dernatiies 562 
Stearic aldehy de, 509 
Stercobilm 873, 875-876 
StercobiJinogen 873 875 
Sterculic acid 560 
Stereochemistry , 78-83 
Steroid, 619 

5i-Steroid dehydrogenise 651 
Steroid glucuroQidcs 616 
Steroid glycosides 635-637 
Steroid hormones, chemistry' 638-641 
642, 645 

classification 638-641 
excretion, 640, 648-650 
hydroxilation, 643-045, 647-651 
metabolism, 641-651 
occurrence, 638-041 644 640 
physiological role 916-949 959 967 
Steroid isomerase, 651 
Steroids, see Bile acids Steroid glyco- 
sides, Steroid hormones Sterols 
Steroid sulfatase 647 
Steroid sulfates, 646-647 796 
Sterol dehydrogenase 625 
Sterols, chemistry, Gld~G24 
intestinal absorption 624-625 
metabolism, 624-635 641-651 
nomenclature 621 
occurrence 619 G20 C21-624 
Stickland reaction, 757-758 
Stigmasterol 622 
Stokes’ law 149 
Strepogomn 745 1008 

Streptococcus laclts R factor, 999 

Streptokinase 703 
Streptomycin 413 1006 
Strontium, 908 
Strophanthidin 63G-637 
Sturm CG 201 


Subcnc acid, 637 
Suberylargmine 637 
Substrate 211 

Substrate-linked phosphorylation 380 
Subtilm 60, S3 
Subtilisin, 692 708.878 
Succinate-fumante system, 299, 301-303 
Succinate-gly erne cycle 776, 867 
Succinic acid actuation, 597 
conversion to i-ammolevuhmc acid, 
868-868 

to isocitrate, 518 
to succiny 1-CoA 505 
enzy mic oxidation, 344, 355, 358-362 
formation, from acetate 519 
from glycerol, 510 
from is-ketoglutarate, 604-506 
from propionate, 601-602 
from pyruvate, 510-512, 519 
from succinyl-CoA 505, 508 
free energy of formation 237 
m citric acid cycle 502, 608, 514-515 
m /S'ketoadipato metabolism, 833 
ID oxidatut. phosphorylation, 383, 521- 
522 

in porphyrin formation 866-888 
oxidation 289-290 296-297 302-303 
Succinic dehydrogenase m citric acid 
cycle 602 508 

inhibition by malonate 260 507 
ID succiDoxidasc system, 359 
properties 338 344 
Succinic semialdchyde 505 762 
Succmoxidase 35M62 580 
Succinv lammopurme, 892 
SuccinvICoA, conversion to succinate, 
505 

formation from p-ketoadipic acid 833 
from O'kctoglutarate, 505 508 
from propionate 602 
from succinate 377 
formuli 505 
hvdroly&is 505 508 

in sucemj 1 CoA thiophorase reaction 
596-597 

Succiny I-CoA deacy lase, 505 
Succinv 1-CoA thiophorase, 59G-597 605 
Sucrose 433 

Sucrose, action of dextran sucrase 451- 
452 

chemistry 415, 418 

formation 446-448 45(M51, 551 

formula, 415, 418 

free energy of formahon 237 

heat of combustion 227 

hydrolysis, 250 433 



'30 SENERAL BIOCHEMISTRY 

Since the proposal of the Fischcr-Hofmeister hypothesis, a consider- 
able bodj ol CMdence has been accumulated in its support, this evidence 
may be listed under four categories 

1 As noted on p 98, most proteins contain rclatnely few titratable 
ammo or carbovjd groups compared to the number liberated upon total 
hjdroijsis of a protein During hydrolysis these groups appear m equal 
number, as would be expected dunng the hydrolysis of amide linkages 

2 If a protein is subjected to acid hydrolysis, and the reaction is 
interrupted before the protein is completely broken down to ammo acids, 
one may isolate compounds in which two amino acids arc joined by a 
peptide bond One of the earliest examples w’as the isolation of n-prolyl- 
L-phenylalaninc from a partial hy^drolysatc of ghadin (Osborne and 
Clapp, 1907) !Much of the early literature on this subject has been 
reviewed by Synge*® I\ith the introduction of chromatographic tech- 
niques into protein chemistry, many peptides haie been identihed in 
partial hydrolysates of proteins 

In the older biochemical literature, reference will be found to other 
products of the partial hydrolysis of proteins, termed albumoses (or 
proteoses) and peptones The albumoses arc considered cleaxage prod- 
ucts of appreciable molecular size, since they can be precipitated by 
means of ammonium sulfate The peptones are thought to be smaller 
m molecular size, since they are not salted out by ammonium sulfate 
However, these terms are unsatisfactory from a cliemical point of view 
because the materials to which they refer probably represent mixtures 
of peptides of widely xarying size and chemical structure 

3 Compounds containing peptide bonds gixe a characteristic purple 
color when treated, in alkaline solution, with copper sulfate This is 
termed the “biuret reaction” because it is guen by the substance biuret, 
NH 2 CONHCONH 2 The color deepens as the number of peptide bonds 
m a senes of synthetic peptides is increased, and proteins produce an 
especially deep blue-xuolet color The biuret reaction has proxided the 
basis for useful methods for the dctemunation of protem concentration 
m a solution Another reaction for the detection of peptides makes 
use of the chlorine-starch-iodide reagent 

4 Enzynnes known to catalyze the breakdown of proteins to ammo 
acids, and therefore termed "pTOleina‘:es” (eg, pepsin, trypsin), also 
hydrolyze peptide bonds m simple sjmthetic compounds of suitable struc- 
ture The mode of the action of the protemases will be discussed m 
Chapter 29 

leR L M Synge, Chem Jievs, 32, 135 (1W3) 

J W Mehl, J Biol Chem, 157, 173 (1944), 0 H Lowry et ai,tbid, 193, 265 
(1951) 

N Rjdoa and P W Smith Nature, 169. 922 (1952) 
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Thiamine pirophosplnfe, m transleto- 
h«e reaction, 529 
occurrence 9S0-981 
Thiamine (ripho<!pIiate, 9S2 
Thiazolidine carboxylic acid 59 
Thiocarbamate method, 144 
Tluothrome 9S1 
Thioctic acid, ^cc Lipoic acid 
Thiocjanate lOS 796,944 
Thio^lj colic acid, 131 
Thiohma«e<5, m fatty acid oxidation 595- 
596, COO 

in phospholipid formation, 615 
in trighccride formation bl6 
occurrence 596 605 
speeificitj 5% 

Thiolasc, 599-600, 604-605 
Thiol esterases, 210 505 600 
Thiol esters chemi--trj , 59 379-3S0 
Thioljsis, 599 

Tluophorascs 596-597, 605 
Thiosulfate 790 793-800 
Thiothiazolidones, 60 135, 144 
Thiotran.acet\ la«o, 482 
Thioiiracil 944 
Thiourea, 9U 
Thorium, 008 

Threonine, chemistrj 47 57, 118 
formula, 57 
Btcreoisomers 81-82 
D»Thrconine, 82 791 
h*Throonme, configuration, 82 
comersion, to gljcine 791-792 
to isoleucine 783 
deamination, 752 756 791 
fermentation 779 791 
glucogenic action 764 792 
indispensable nature 724-725, 728, 791 
metabolism 790-792 
occurrence 125 
optical rotation, 79 
Threonine aldolase, 792 
Threonine dehj druse 756, 791 
Threonine racemase, 791 
Threose 404 
Thrombin 702-704 
Tlirombokmase, 703 
Thromboplastin 703-704 
^-Thujone 662 
Thunberg method 314 
^lunborg-l^ Inland Ljcle 518-519 
Thjmidinc chemistrj 191 
formation S9S 1005 

growth factor nctnita lOOS 
Phosphoroljsjs SS4 
Thjmidinc-3 ,5 -diphospliate, 192 


TLj midme phosphorj lase, SS4 
Thjmidjlic acid, 191 898 
Thymine, breakdown, 899 
dissociation 196 
formation, 774, 895-896, 89S 
formula 191 

growth factor acti\itj 903 
occurronee, 191 198 206 
Tlijmine deo\j riboside, see Thjmidine 
Th> mol blue 89 

Thjmu'i nucleic acid, I9I-192 194 
see also Deoxj pentose nucleic acids 
Thjroglobultn 69 943 
Thj roidectomv , 043-9 14 
TInroid hormones 69, 831-832 943-915 
Thjroid-stimulating hormone, 050, 952- 
953 

Tlijronme 69 831-832 
Thy rotrophic hormone, 950 952-953 961- 
962 

Tlnrotrophin 950 952-953 
Th\roxme, breakdown 832 
excretion 943 

formation 831-832 943-944 
formula 69 

m msulm form ition, 061-962 
)D oxjdatiie phosphorylation, 385, 944 
m protein metabolism, 065 
occurrence 69 831 943-944 
secretion, 950 
transport 943 
Tigljl-CoA 785 
Tigogenin 636 
Tigonin, 636 
Tin 908 

Tiselius apparatus I02-I04 
Tissue, culture 397 728 
homogenates 400 
slices, 399-400 

Titration curxes, acids, 87-89 
ammo acids 90-94 
proteins 98-100 

Tobacco mosaic \irus see Virus tobacco 
mosaic 
Tocol 607 

Tocophcrols formulae 667 
metabolism 1013-1014 
occurrence 666 
xitamm actuitj 1012,1014 
Tocophcroxidc 1013 
Tocophorylhjdroquinono, 1013 
Tocopherylquinone 1013 
Tolbutamide 942 
Tolucnesulfonj 1 chloride 135 
Tomato bu'h\ stunt virus 23, 42, 197 
203 
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Tomatcj-wilt factor> 138 
ToruHrhodin 654 

TPN, see TriphosphopjTidmc nuelcobde 
TPNH, see Tnphos!phop> ndtne nucleo- 
tide, reduced 

TPNH-c>tochrome c reductase, 338, 342- 
343, 944 

TPNH-mtrate reductase, 338-340, 680 
TPP, see Thiamine pj rophosphatc 
Trace elements, 908-912 
Tran'iacetj hse see Phoaphotransacetyl- 
asc 

Trant>a!do!ase, 530-531, 533 
Tran«imid ition, 714-718 
Tran-amidma'c 812 
Transamidmation, 803, 811-812 
Tnnsammasp nlanme-smae, 789 
bnni,hcd-chnm ammo atid, 782-783 
cala!jtic action, 759-763 , 770 
glutamic-Jeiicine, 782 
m ammo oud formation, 769 
m protem metabolism, 705-766 
k> nuronme,83S 
occurrcoco 759-702 
specvftcvti , 761J-763 
Transamination 759-768 
m gljcme metabolism, 771-772 
m histidine metabolism, 820 
iQ isolcuciae formation, 782-783 
in kynurenic acid formation, 838 
m Icucme formition, 783-783 
in omithme formation, 813-814 
m phenj hlanme formation 835 
in strine formation, 789 
in tjTOsmo metabolism. 82G, 835 
m \alme metabolism, 780 782-783 
m xanthurenic acid formation, 838 
mechanism, 761 
noncnzjmic 759, 761, 769-770 
Transduction, 905 
Transesterifjcntion 273, 576-577 
Transfer reactions 216 
Transferrin, 913 

Transforming factors 200, 747-74S, 905 
Transgbcosidases. 210, 433, 451-455 
Transgijcosidation, m nucleic acid me- 
tabolism, 902 

m poljsacchando metabolism, 437» 443- 
444 

mechanism, 433, 448-449 
Trinsgl>cQsj lation, 433 
Transhjdrogcna-scg 328 
Transition state, 265-270 
Trsnsketolase catntjtu, action, 529-630 
crvstallization 219 529 
m gljcme formation, 772 


Translational diffusion, 149-lSl 
Transmethj lation, 800-^05 
Tnuspeptidation, 714-71S 
Transphosphorj lation, 216, 374-376 
actnationbj magnesnim, 910-911 
bj phosphatases, 582-583 
Tmnspurmation, 902 
Traumatic acid, 976 
Trehalose, 406, 415, 661 
Trelialose phosphate, 465 
Tricarboxjlic acid t^cle, see Ciinc acid 
cjcle 

Tnearboxj methj Itnmethj lenctriamine, 
51 

Trichloroacetic acid, 108, 709 
Tricthylenctclrammc, 366 
Tngljcendes. analjsis, 5C2-665 
chemistry, 557-565 
digestion, 674-575 677 
formation, 577, 585, 615-617 
lijdrolysjs, 574-577 
intestinal absorption, 684-5SG 
occurrence, 575 
Trigonelline, 859 
Tribj droxj coprostnne, 634 
Tnbjdro'cjcoprostamc acid, 635 
Trihjdroxjflaijlium hj droxide, 669 
Tniodothj roacctio acid, 045 
3,5,3'-Triiodothjronine, 69, 831-832, 943- 
944 

3;j',5-Tniodolh>ronine, 831-832, 043-944 
Tnketohjdrindene hjdrate, 51 
TrimetaphosphaUse, 5S3 
Trimetaphosphate, 583 
TnmcthjJaminc, 858 
Trimethj lamme oxide, 858 
Tnmethjlarsino, 805-806 
Trimctl^lglj cine, see Betame 
Tnmethj hsoalloxazinc, 331 
Tnnitrophcnol, 64 

Tnose phosphate dehydrogenase, sec 
Qlyceraldehjde-3-phosphatc dehy- 
drogenase 

Tnose phosphate isomerasc, 469-470, 494 
Tnoscs, 404 

Tnpeptidase 685, 697-699, 70l-<02 
Triphoaphopyridme nucleotide, absorp- 
tion spectra, 311, 315, 317 
chemistrj', 307,310 
clear age, 310 
formation, 310 

in ammo acid mctaboli'im, 754 
m citric acid cjcle, Sbl, 508 
in dehydrogenase action 313-329 
m glucose-G.pho'pliate oxidation, 525 
m kjmurenme metabolism, 838 
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Triphosphopyndine nucleotide, m mahc 
enzyme action, 512 
m pentose phosphate pathway, 533 
m 6-pho«phogluconic acid metabolism 
525 

in shikimic acid metabolism, 541 
m xylitol oxidation, 541 
occurrence, 310, 533 

reduced action of flai oproteins^ 334- 
335, 342-343 

action of peroxidase, 3G4 
chemistry , 312-313 
in fatty acid formation, 775 
m homoserine formation 790 
m nitrate reduction, 6S0 
m nitrite reduction, 681 
in phenylalanine metabolism, 825 
in photosynthesis 551-555 
in steroid metabolism 643-644, 647 
Oxidation, 311, 368, 521 
structure, 310 

Trisaccbarjdes, 417-418, 454 
Tnterpenes 661, 663-666 
Tritium, 392 
Trophic hormone, 950 
Tropic hormone, 950 
Tropme, 860-861 
Tropomyosin 488 

Trypsin action, on chymotrypsinogen 
260-262 692-693 
on cy tochfome c, 352 
on p lactoglobulin 693 
on phosphorylase a, 440 
on procarboxypeptidase 696 
on proteins 689-690 
on prothrombin 703 
on symthetic substrates 690 
on trypsmogen 262 690-691 
actne center 201 
amidase action 710 
blood coagulation by 692, 702-703 
crystallization 219 
donaturation, 153 233-234 
disco\ery 210 214 6S9 
effect of DTP 691-692 
esterase action, 690 
formation 262 690-691 
m digestion 69 J 
mhibition 258 691-692 695 
Occurrence 6S5 689-690 
pH optimum 689 
I'lnsical properties 689 
‘’pecifititc 274-275, 6S9-090 
termin'il ammo acid-* 143 691 
tran«smidafioQ reactions, 715-716 
Trypsmogen ammo acid sequence 691 
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Trypsmogen, conversion to trypsin, 262, 
690-691 
formation, 735 
physical properties, 691 
Trjptamine, S61 

Tryptophan, absorption spectrum, 73-74 
chemistry 47, 49, 69-70 118 
formula 70 

D-Tryptophan, 835-836 
ir-Tr> ptophan, breakdown, 834, 836-842, 
844-846 

con%t.rsion to alkaloids 859,861 
to anthranilic acid, 841-842 
to 5-hydrox\tryptamme 845 
to mdole 842 844 
to indoleacetic acid, 846 
to insect pigments, ^9 
to kjnureoic acid 836-838, 840 
to nicotinic acid 840-842 
to xanthurenic acid, 836-838, 840 
deamination 752 
estimation 113 
formation 835-836 842-843 
indispensable nature, 724-725, 728, 835- 
836 

isolation 48 

metabolism, 764, 774, 835-846 
occurrence 125 
optical rotation, 79 
Tryptophanase 844 
Tryptophin cycle 842 
Tryptophan desmolase, 843 
Tryptophan peroxidase-oxidase 837-838, 
965 

Tryptophan synthetase, 843 
TSH 950 952-953 
Tubcrculosteanc acid 558 
Turacin 167 

Turnip yellow mosaic virus, 107 
7\imoxer number 211 255 
Turnoxerrate 396 733 
Tv ndall effect .>3 
Tvramine 767 862 
lyiocidme 137-138 

Tyro'sma'se m adrenalin formation 829 
in melmm formation, 830 
in pupation 969 

in xanthommalm formation, 839 
see also Polyphenol oxidase 
Tyro'.ine absorption spectrum, 73-74, 97 
chemistry 68-89 142 
color tests 68, 709 
dissociation 93-94 

n-Tyrosme breakdown, m mammaN 
825-828 830-83 1 
m microbes, 832, 834 
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i/-TjFOSine, breakdown, role of ascorbic 
acid 980 

comeraion, to adrenahn, 82S-829 
to mehnms 830 
to thjroid hormones, 831-832 
deammatjon, 752, 755 
decarboxjlatjoQ, 766 
formation m mammals, 731, 824-825 
in microbes 832, 834-835 
free energj’ of formation, 237 
glucogenic action, 764 
heat of combustion, 227 
indispensable nature, 728 
lodmation, 831 
ketogemc action 764 
metabolism, 824-835 
occurrence, 68-69 125,829 
optical rotation 79 
oxidation, 367 
solubilitj 68 95-96 
transport, 744 

Tjrosioe deearboxj la«e 766-767 
Tirosme*0-sulfate, 09 
IVrosol, 832 

UDP ficc Uridme-6-dipho<!phite 
UDP-acetjlgaHctosamino, 400 
UDP-acet> Iglucosamine, 464-46C 
UDP-arabmose. 528 
UDPG a«e XJ13P-glucose 
UDP-gahetose 404,400 
UDP-galacto«c epimera^e 464 
UDP-galacturomc acid 53S 
XIDP-glucosamme 466 
UDP-glueo«e, formation 451 464 CI7 
formula 205, 464 
h>dro1>sjs 583 
m sucrose formation 450-451 
m trehalose formation, 465 
oxidation 467,537 
reactions 461,466 

UDP-glucuromc acid formation, 357, 407 
formula, 464 

m gUicuronide formatjon, 537-638 
reaction wjth bilirubin 874 
with steroids 646 
with thjroxme,943 
XJDP-xj lose, 528 
Ultracentrifugo 35-36 
UMP,205 882 SIXMOS 
UncompetJtiie mhihjtton 259 
Uncoupling of e pho‘'p|iofj Jation 

Unit cell 16?)-161 
Uracil dissocntion 196 
formation from cj tosme, SSo 


Uracil, formula, 187 
metabolism, 895-900 
occurrence, 187, 197, 206 
Urea, as dietary nitrogen source, 726, 849 
effect on nbonuclease, 87S 
enzymic hjdroljsis, 246-247, 849 
excretion, 847-849 
formation, 811, 848-853 
effect of growth hormone, 966 
from ammonia 818 
from at^imne, 65, 849-850 
from aspartic acid, 818 
from barbituric acid, 900 
from creatine, 805 
from uric acid, S56-S57 
free energy of formation, 237 
heat of combustion, 227 
history, 1,849 
m nitrogen ffxation, 675 
in protein dcnaturation 153-155 
Urease, catal>tic action, 240-247, S49 
actuation energj’, 268 
specjficit> , 276 
eiystalhzation, 217, 219 
occurrence, 840, 853 

Ureidoimidazole carbotjhc acid, 891- 
805 

^•Urcidoisobutyric acid, SOO 
^-Urcidopropiomc acid, 890 
Ureidosuccmic acid, 854, 896-897 
Urcotehc organisms 847 
Unc acid, breakdown, 856-857 
conversion to allantom, 856-857 
excretion, 847-849 856 
fermentation, 894 
formation, 854-856 
formula, 203, 856 
m gout, 856 
occurrence, 203, 207 
Unc acid riboside, 206 
Uncase. 368, 856-857 
Uricotelic organisms, 847 
Undme, 187, 89S 

Uridmc^ -diphosphate, dephosphorj la- 
tioD 882-883 
dematucs 205,749 
«cc also VDP-compounds 
formula, 205 

phosphorylation 451, 461 882-883 
- : . ...... cs2,g9£*-89S 

■ : ■ S96-83S 

Undine phosphoryla-so, 884 
Undine-5-pj rophosphatc, see Uridinc-5- 
djpho'phate 
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Undme-5 -triphosphate, ammation, 898 
comersion to UDP-glucoae, 451, 617 
occurrence 204 

tran^phosphorj lation, 461, 882 
Urlcl^llc acid, 186-190 
Urid> 1 transferase, 464-466 
Urine, acidification, 918-919 
formation, 916, 918-919 
nitrogenous constituents, 849 
Urobilin IXa 875 
d-Urobilm, 875 
t Urobilin, 875 
f-Urobilin, 873, 875-876 
Urobilinogen, 875 
Urocanase, 821-822 
Urocanic acid, 755 821-822 
Urocan> Icholme, 755 
Urofla\iQ 986 

Uronic acids, 411, 423-425, 428 
Uroporphjrm I, 167-168 872 
Uroporphyrin III, 167-168 868-869, 
S72 

UTP, Uridme-5 -triphosphate 

cw-Vaccenic acid 558-559 
trans-Vaccemc acid, 560 
Valeric acid, 592 
Valine, formula, 54 
D-Valine, I37-13S, 780 
L-Valine, chemistry, 54 79 118 
deamination, 752 757 
decaiboxjlalion, 766-767 
glucogenic action 764 780-781 
indispensable nature 724-725, 728, 779, 
784 

in ergot alkaloids, 862 
in penicillm formation, 79S-799 
metabolism 779-781, 782-784 
occurrence, 125 
Vanadium 674,908-909 
Van don Bergh reaction, 874 
Vanillin, 422 

Van Sljke nmhydrm method, 51 
Van Sljke nitrous acid method, 49 52 
^ an ’t Iloff equation for enthalpj change, 
227 

for osmotic pressure 31-32 
Vasopressin 141 953-954 
Vclocilj constant see Rate constant 
Vcrdoperoxidase 164 363 
Vemolic acid, 561-562 
' Rene, 839 
Vicianose, 416 
Vinjlacetjl CoA 59S 

plieoporph> rin a^ 871 
Violacein, 845 
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Violaxanthin, 655 
Violet receptor, 661 
Virus, bushj stunt, 23, 42, 197, 202 
cucumber mosaic 197 
tobacco mosaic, chcmiatrj , 143, 158, 197 
metabolism, 744, 747 
nucleic acid, 186, 200 
turnip >cllow mosaic, 197 
Viruses 185 

nucleic acids from, 194, 197 
nucleoprotein nature, 202-203 
Viscosit>, 151 
Vision 658-661 9S6 
Visual cycle, 659-661 
Visual pigments, 658, 660-661 
Visual purple 658 
Vitamin 976 

Vitamin A chemistry, 655-657, 663 
deficiencj, 1010 
lo vi«ion 658-661 
metabolism, 655-656 1009-1011 
Vitamin Aj, activitj 1009-1010 
chemistry, 655-657 
enz>mic oxidation, 659 
formation 1010 
formula 656, 657 
Vitamin As activity 1009 
formula, 656 
occurrence 655-656 
Vitamin Ai aldehjde, 658 
Vitamin As aldehjdc, 660 
Vitamin Bi, see Thiamine 
Vitamin Bs, see Ribofla\in 
Vitamin Be, anlimetabohtes 989 
biological acti\ it> 987-988 
deficiency, 760 768 987-988 
m D-alanine formation, 779 
m isoleucme metabolism 782 
m leucine metabolism, 786 
m triptophan metabolism 836, 840 
occurrence 987 

see also Pj ridoxal Pyndoxal phos- 
phate P> ndoxamme, P>ridoxa- 
minc phosphate, Pyridoxme 
Vitamin B 12 . chemistry, 1001-1003 
deficiency 1005 
formula 1002 
function, 1005 

10 methionine formation 807 
lipotropic action, 688 
metabolism 1003-1005 
occurrence 1001-1006 
related factors, 1003 
X-raj analjsis 157 1002 
Vitamin Bi 3 1007-1008 
Vitamin Be, see Pteroylglutamic acid 



1076 


INDEX 


Vitamin Be conjugate, 999 
Vitamin Br, 1000-1007 
Vitamin B comple-^, 976-977 
Vitamin C, see Ascorbic acid 
Vitamin D, 1011-1012 
Vitamin Di, 1011 
Vitamin Dj. 622, 1011-1012 
Vitamin D3 023,1011-1012 
Vitamin D4 1011 

Vitamin E, antioxidant effect, 664 
biochemical role, 356, 1012-1014 
cliemistrj 667 
deficiency, 1012-1013 
metabolism, 667 
occurrence, 6b6-667 
^et, also Tocopherols 
Vitamin H, 995 

\ itumin K, chemistry, 667-668 
in photosynthesis, 554 
in prothrombin formation, 704 
metabolism, 668-669 
occurrence, 668 
physiological role, 668 1014 
Vitamin Ki,668, 1014 
Vitamin Ks 668 
Vitamin K3, 654 668, 1014 
Vitamins, classification 976-977 
intestinal s> nthesis, 977-978 996 
see also individual vUamns 
Vitellm 17 66 
Volt-faraday 226 
yon Gierke’s disease 497 

Walden inversion, SO 283 
\\ arburg apparatus, 286-287 
Warburg-Dickens pathway, 525 
Water, activity, 235 
dielectric constant, 20 
free energy of formation 237 
m photosynthesis 546, 549-550, 554 
ion product, 18 

metabolism, adrenocortical steroids m 
966-967 

pituitary hormones m, 949-950, 953 
urine formation, 9ig 
physiological role, 907-908 
Waxes 505-566 
Werner complexes, 76-72 
WiUstatter-Schudel method, 407 
U ilson’s disease, 858 914 
Wood-Werkman reaction, 510-611 
Work, 229 

Wound hormones, 972, 975 

Xanthine, derivatives 206 
enzymiic oxidation, 339, 855 


Xanthine, fermentation. 894-995 
formation from guanine 885-886 
formula, 203 

Xanthine oxidase, 338-339, 823 
in uric icid formation 855 
metabolism 728, 1008 
Xanthommatm, 839 
Xanthophylls, 654, 655 
Xanthoproteic reaction, 68, 72 
Xanthopterin, 207, 1000-1001 
Xanthosine-5’-phosphate, 892 
Xanthurenic acid, 836-837, 840 
Xanthj droJ reuetton, 70 
Xerophthalmia, 1009, 1010 
Ximenyoiic acid, 561 
X-ray analysis, 156-161 
Xylan, 423, 538 
Xylitol, 540-541 
Xylodscorbic acid, 978 
Xylo'io, conveisiOD, to nrabmose, 628 
to dis icchandes, 448, 452 
to xylulose, 628 
enzvmic oxidation, 316 
formation from glucuronic acid, 538 
formula, 404 410 
m disacchandes, 416 
m poly saccharides, 423 
JO unne, 529 
optical rotation, 406 
UDP-, 528 
D-Xy]ulose,410 

conversion, to disacchandes, 447, 450 
to xylitol, 540-541 
formation from xylose 528 
phosphorylation, 528, 641 
i/-Xy lulose, 640-541 

Xylulose-5-phosphdte, 627-532, 536, 541 
Xylulose-S-phosphate isomerase, 527 

'll east adenylic acid, see Adenosine-3- 
phosphate 

Yeast nucleic acid, 186-190, 1^5-190 
sec also Pentose nucleic acids 
Yellow enzyme, new, 337-338, 340-341 
old, absorption spectrum, 334 
catalytic action, 334-335, 340-341 
ctystalhzation, 219, 332 
dissociation, 332-334 
occurrence, 331 

oxidation-reduction potential, 299, 
333 

prosthetic group, 332, 338 

ZcaxanthiD, 655 
Zein, 63 70 
Zeo-Karb 216. 122 
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Zero-order reaction, ^45 
Zinc, actuation of enzjmcs, 472, 696, 912 
binding bj biatidine, 
m carbovv’peptidaae 696 
in dcbydcQgenases, 319-321, 754 
in protein precipitation 22 
Zone electrophoresis 106-107, 122 
Zu-ischenferment, 313 


ZiftUerton, 92 
Zjmase, 307 
Zjmog^nb 260, 262 

see d&o Chj motrypsmogcn, Pepsino- 
gen, Procarboxypeptidase, Tryp- 
stnogen 

2-ymobexase. 479 
Zymosterol, 622-623, 628-629 
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can be drann about its \abdity StiH another type of linkage ^ouW be 
present if the SH group of cjsteine -nerc Jinked to the COOH group of 
another ammo acid to form a thiol ester bond 
Char}}, where a protein amino acid contains two a-amino and two 
a-carbox>J groups, as m cystine, tins ammo acid can act as a bridge 
between two peptide cJiains or to link different parts of the same peptide 
chain to form a cjcJic structure The e\idence is \ery strong that the 
SS bond of cjstmo is indeed an important mode of linkage m some pro- 
teins For example, the insoluble scleroprotein wool keratin, on treatment 
with sul/liydryl compounds such as thioglycolic acid (HSCK^COOH), 
IS con\crtcd to a soluble product termed "kcratem ” In this reaction, 
the disulfide bonds wilhm the protein arc reduced to suUhjdrjl groups 
USSR + 2HSCH2C00H->2RSH -f [-SCHaCOOHls 

In the protein hormone insulin, the disulfide bonds of cystine serve 
both to cross-link separate chains and to connect parts of the same 
chain {cf p 14G) 


Synthesis of Peptides 

With increasing support for the peptide bond hypothesis of protein 
structure, it became clear that peptides are structural intermediates be- 
tween the complex proteins and the simple ammo acids As a result, 
much attention has been dc\otcd to the de%elopment of methods for 
the synthesis of peptides derned from the protein amino acids®* 

The current procedures for the synthesis of peptides depend, m the 
first place, on the conversion of the a-carboxjl group of an ammo acid 
into a form that wdl permit the carbon atom of the carbonyl group to 
react with the a-amino group of a second ammo acid Such derivatives 
are the acyl halides ( — CO — Cl), the azides ( — CO— N 3 ), or the anhy- 
drides ( — CO— O— -COR) Since the time of Emil Fischer’s first studies 
on peptide synthesis m 1899, one of the salient problems has been to 
de\elop methods for tlie protection of the a-amino group of an ammo 
acid dunng the conversion of tboa-earboxyl to a more reactive dernaiiie 
and during the reaction of this derivative with the second ammo acid 
An essential attribute of the substituent on the «-arajno group, which was 
to be unsubstituted in the final peptide, was that the substituent should 
be removable under conditions that would not cleave the peptide bonds 
Fischer circumvented part of the difficulty by introducing the free 
tt-amino group of the peptide after the peptide bond had been made 
For example, to make L-alanyl-n-tyrosme by the Fischer method, one 

21 J S rmton, Adtanecs in Protein Chem, 5, 1 (lOlD), M Goodman and 
G U henoer, tbid , 22y 465 (W57) 
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If one grants the vahditj of the peptide bond hypothesis, it may ne\t 
be asked hoTs amino acids such as Ijsme, glutamic acid, and aspartic 
acid are linked in proteins Are they solely linked through their a-amino 
or a-carbox>l groups, or are the «-amino groups of Ijsine or the side-chain 
carboxjl groups of glutamic acid and aspartic acid also m\ohed in 
peptide linkage to other ammo acids^ The available evidence indicates 
that, in most proteins, the e-amino group of Ijsine, the guamdino 
group of arginine, and the imidazoljl group of histidine do not participate 
m amide linkage with other ammo acids This conclusion is based in 
part on the results of titration experiments and in part on tlie finding 
that these groups are available for reactions that would not be observed 
if the groups were substituted^* Thus treatment of a protein with 
benzencsulfonjl chloride gives a product that may be hjdroljzed with- 
out appreciable cleavage of the linkage between the benzenesulfony] 
group and the free amino groups of the protein In this way, it has been 
possible to show that the amount of <-benzencsulfon>I-L-lysine obtained 
corresponds to the lysine content of the protein Such results do not 
exclude the possibilitj tint one of several lysine <-amino groups partici- 
pates in an amide bond, indeed, chromatographic evidence indicates the 
presence of small amounts of an <-l>syl peptide in a partial acid 
hjdroljsato of collagen 

The side-chain carboxyls of aspartic acid and of glutamic acid appear 
to be either free or solel> bound in amide linkage with ammonia (as 
asparagine or glutamine residues) Chibnall and Rees-* estonfied insulin 
and treated the product with lithium borohjdnde {L 1 BH 4 ), a reagent 
that reduces esters (eg, — COOCH 3 ) to the corresponding alcohols 
{ — CHjOH) but is without effect on amides Acid hydroljsis of the 
reduced insulin gave an amino acid mixture which contained the and 
y-carbmols corresponding to the aspartyl and glutamjl residues of the 
original protein, as well as aspartic acid and glutamic acid derived from 
the asparagine and glutamine residues of insulin 

The assumption that the covalent bonds between the ammo acid units 
of proteins involve solelj rt-ammo or a-carbox>l groups is still a working 
hvpothcsis that has not been completclj proved In this connection, the 
possibilitj must be considered that the side-chain hjdroxjl groups of 
senne or threonine ma> be bound to carboxjl groups of other ammo 
acids to form ester linkages which would be susceptible to hjdroljsis 
bv acids, alkalies, and cnzvmes This possibility , first suggested bj Emil 
Fischer in 1900, requires expcnmcntal examination before any tonclusion 

10 F VV Putmm in II Ncuratli and K Bailc> The Proteins, Vol IB, Chapter 10 
Academic Press New tork 1953 

20 A C Chibnall and M V\ Rcm in G E VV U olstcnholme The Chemical 
Structure o] Proteins J and A Churchill, London, 1953 
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bwiEoxj chloride nnd t-akninc methyl ester (the carbobenzow group 
of the ammo acid dcrivatncs is abbreviated Cbzo) 

CoHs CHe CHj 

CHeOCOC! + NHeCHCOOCHe — Cbzo-NHCHCOOCHs 


CHs CHa 

Cbzo-NniHCONHNHe Cbzo-NHinCONs 

eth}) ester 

CHa CHjCoHrOH 
cbzo— nh(!:hco-nh([:hcooc2H5 


CHs CHeCoHvOH 
Cbzo-NHCHCO— NHCHCOOH - 


CHa 

■ NHziHCO- 


CHaCoHiOH 

-NHiflCOOH 


Subsequent work showed that the carbobenzoxj group maj be removed, 
without scission of peptide bonds, b> treatment witli sodium m liquid 
ammonia or with HBr-acetic acid Another important modification of 
the Bergrnann-Zcrv'as nictliod is the use of mixed anhjdndes, formed b> 
the reaction of carbobenzoxyammo acids with acyl Imlidcs such as iso- 
valerjl chloride or othjl chlorocarbonatc Tlie mixed anhjdndes react 
smoot/dj vvjtii esters of ammo aculs or peptides as foiJows 
R 

Cbzo-NHCHCO— O-OCR' + NHzR" -* 


R 

Cbzo-NHCHCO— NHR" + R'COOH 
Various modifications of this method have been described by Wieland, 
Boissonns, and Vauglian (ef Vaughan and Osato-^) 

Another recent addition is the use of phosphorus compounds 
such as diethjlchlorophosphite, (C2H50)2PC1, ethj Idichlorophosplnte, 
C2H5OPCI21 or tetraethylpjrophosphite, (021150)2? — P(OC2H5)2. 
which react with the NHo group of araino acid or peptide esters to form 
reactive intermediates that may be couplwi with a carbobenzoxj ammo 
acid or carbobenzoxypeptidc Still another method of peptide synthesis 
RCOOH + (C2H60)2P~NHR' -♦ RCO~NHR' + (C2H60)2P-~OH 
involves the reaction of a carbobcnsoxyamino acid with an amine m the 
presence of dicj cloliexylearbodunudc {C 5 H 2 tK=:C=NCf,Hji)/ ''hich 

22 J Vaughaa and R L Qsito J Am Chem Soc 73, 5553 (1951) 

23 G V Anderson et al , y Am Chetn So<r,74, 5309 (1952), R W loungetal, 
%h%d, 78, 2I2G (1958) 
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treats L-t>rosine uith optically actnc a-bromopropionj I bromide, and 
the resulting bromopropionjl-L-tyrosine is treated with ammonia to 
gue the desired peptide By conducting a senes of reactions, in which 
CHs CH 2 CGH 4 OH CHs CH 2 C 6 H 4 OH 

BrC^HCOBr + NH 2 CHCOOH — ^ BrCHCO— NHCHCOOH ^ 

CH3 CH2CeH40H 

NHainCO— NHinCOOH 

L-Alan>l L-tyroaine 

the peptide formed in one senes of reactions (such as that shown) was 
used in a subsequent senes of reactions, Fischer made man\ peptides 
contnming tlirce or more ammo acid residues The crowning achieve- 
ment in this work was the sjnthesis, in 1907, of the octadccapcptidc 
L-leucj 1 (tngl> cj 1 ) -L-leucj 1 (trigl> c> 1) -L-leuc> 1 (octaglycj 1) gl> cine 
One of the principal disadvantages of the Fischer method is the difli- 
cultj in the preparation of the optically active halogen acjl halides 
needed for the sjnthcsis of peptides in whicli protein ammo acids other 
than gljcinc constitute the acvl group If m place of tlic opticallj active 
o-bromopropionyl bromide one used the racemic form in the above reac- 
tion with L-tjrosinc, tlie peptide preparation obtained upon aminntion 
would be a mixture of the diastcrcoisomcric compounds L-alanjl- 
L-t>rosine and n-alanvl-L-tvrosinc Since compounds of this tjpo have 
different ph>sical properties, and occasionally may be separated because 
of the difTtrcncc in their solubiht>, one would not be justified in naming 
the product of tlic reaction DL-al'in>l-i-tjrosinc 
Tlie disadvantages and limitations of the halogen acjl halide method 
led to manv cfTorts to find more gencrnllj ajiphcable methods of peptide 
nthc«iip Tlic nio«t important of the new cr procedures is that dev eloped 
bj Bcrpmnnn and Zcrvn« in 1932 Tlicv solved the problem of the choice 
of substituent on tlic o-amino group bj taking ndi anta^c 0 / tlie fact that 
the benzv low enrbonv 1 (CrHsCHjOCO — ) derivatives of ammo acids 
ma> he cleaved bj catilvtic hvdrogeiioljsis under verv mild conditions 
CcIL It It 

illiOCO— NllillCOOIl NII-incOOH + CcII.CHs + CO.. 

If an ammo acid is treated with bcnr> low carbon} 1 chloride (Ccrgmnnn 
and Zervas named this, reagent cirbobcnzox} chloride), tlic resulting 
c irhohcnzowamino acid mav be converted to the corresponding nzulc 
or and chloride, winch then mav be u^cd for reaction with the amino 
group of an ammo icid or a peptide This sequence of reactions is 
illustrated hj the svnthc*>i«, of i-nIanrl-i-tvro«inc In tlie carbobenzox-v 
method, m tins «vnthci-is the initial step js a reaction between carbo- 
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peptides containing as manj as 100 to 200 ammo acid residues per 
chain “ 


R 


R 

I tt R 

NH— CH— -CO +t)ji,ii,coo!i ! I 

^ HeCHCO-NHCHCOOH 

N C.rt».y .d .1 dn J. 

R R R 

NH2(!;HCO(NH(!:HCO),NHiHCOOH 


Nalurally Occurring Peptides" 

Interest m the development of nen methods of peptide synthesis re- 
ceued considerable impetus during the period 1940-1955, nhen a large 
number of peptides >^e^e found in nature Before that time onl> a fen 
peptides of knonn structure had been established as constituents of living 
sj stems In 1921 Hopkins isolated from jeast glutathione, later found 
to be widely distributed in animal and plant cells, and shonn to be the 
tripeptide y-L-glutamyl-L-c> stem) l-gl> cine A closely related peptide 
{ophthalmic acid, y-L-giutamyl-o-a-ammo-n-butjrjiglycine) occurs in 
calf iens^^ 


COOH 


CHsSH 


NH2CHCH2CH2C0~-NHCHC0- NHCH2COOH 

QlutatiOoiw 


COOH 


CHjCHa 


NH3CHCH2CH2CO— NHCHCO— NHCH2COOH 

OphUulmio «eia 


25 E Katchalski, Advances in Proiern Chem , 6, 123 (1951) , C H Bamford et al , 
Bynlhclic Polypeptida, Academic Press, New "Vork 1956 
2«R L M Synge Quart Eevs, 3, 245 (1919), E Bncas and C Fromageot, 
Adtonccs m Protein Chtm , 8, 1 (1953) 

G Walej, Biocfeem J , 6i, 715 (1956). 67, 172 (1957), 68, 189 (1958) 
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IS converted to dicjclohexjlurea-* 

RCOOH + NH 2 R' + CcHnN=C=NC6H„ ^ 

RCO— NHR' + CeHiiNHCONHCeHn 
The carbobenzoxj method has been applied ^ith considerable success 
to the sjntliesis of peptides of such ammo acids as serine, methionine, 
trjptoplian, arginine, histidine, Ijsine, proline, cjstme, and tjrosme, as 
^^eIl as the ammo acids containing paraffin side ciiains An important 
ad\antage o\er the Fischer halogen acjl halide procedure is that, m the 
carbobenzoxj method, no reaction at an asymmetric carbon atom is 
in\oRed at any stage of the procedure Also, the optically actiye carbo- 
benzovjammo acids are not raccmizcd easily, in contrast to the behayior 
of the corresponding benzoyl or acetyl deriyatiyes Tlic broadening of 
the scope of peptide synthesis by the introduction of the carbobenzoxj 
method has had a profound influence on the deyelopment of protein 
chemistry , this method has made it possible to synthesize model com- 
pounds containing the yarious protein ammo acids and to relate the 
properties of these model substances to the beliaMor of proteins 
In addition to the carbobenzoxy group, other substituents are ayailable 
for the protection of the ammo group during peptide synthesis These 
include the p-toluenesulfonyl group (nhich may be remoyed by means 
of sodium m liquid ammonia or of Hl-phosphonmm iodide), the formyl 
group (remoyed by treatment with dilute acid m alcohol), the triphenyl- 
methyl group (removed by mild acid hydrolysis), and the phthaloyl group 
(remoyed by treatment at 25® C with hydrazine, as shown) 

R R' 

^^^^°>NCHCOCl + NH 2 CHCOOH — ^ 


a COv I I NHiNlIi 

|,p>NCHCO— NHCHCOOH — ^ 

R R' 

CO— NH I I 

or. .Iti, + NH2CHCO— NHCHCOOH 

Several heterocyclic deruatiyes of amino acids also ha\e been used as 
acylating agents m peptide synthesis Among these are the oxazolones, 
2-thio-5-thiazolidones (p 50), and N-carboxj anhydrides The N-car- 
boxy anhydrides haye been useful for the preparation of polymeric 

2<J C Sheelian et al J Am Ckem Soc 78, 1367 (1956) 
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cjclic decapeptidcs,®'' tyrocidme B differs from t 3 'roeidme A m haimg 
an L-trjptophjl residue in place of the L-phcnjIalanj I residue of tjTO- 
cidine A 


ah 1-P-ormthj’l-i^lcucyl-D-phenjlalanj l-n-prolyl 
P-tj'rosyl-L-glutamyl-L-aspartv l-D-phcnylalanyl-i^phenj lalanj 1 

Tyroctdine A 


Among the numerous other peptides knovvn to be elaborated b> micro- 
organisms are the polyrajxins®* {from Baalim polymyxa), the baci- 
tracins'^^ (from Baallus lichenijormis), and the actmomjcins^ {from 
Actmomycetes) One of the pol>m>xms (polyrajxm A) >ields, on 
hydrolysis, L-threonme, n-leucmc, and <r,y-diarainobuty ric acid, actino- 
m’vcin C 2 has been shonn to contain L-threoninc, sarcosine, L-prolme, 
D‘\ahne, N-methyl-L-vahnc, and n-alloisolcucme These microbial 
peptides are antibacterial agents (“antibiotics”), among \shich arc in- 
cluded the penicillins (p 60) which contain n-pcnicillamine The pcni- 
ciUins (elaborated by fungi of the Pemcillium family ) , may be considered 
denvatives of the dipcptidc a-formydglycyl-n-pcniciliaraine It will be 


CHO HS-CCCH3)2 
NH 2 CHCO-NHCHCOOH 

a rorm>J2lyeyl d peuctUftnuoe 


noted that a characteristic feature of the above antibacterial agents is 
the presence of ammo acids that arc either stereoisomers of protein ammo 
acids or are nonprotem ammo acids’* 

Other fungi also produce interesting peptides For example, the 
poisonous mushroom Amanita phalloides contains a peptide, named 
“phalloidine,” which, on hydrolysis, yields cystine, alanine, and allohy- 
droxy-L-proIme (cf p 82) ** Pcptidc-Iike structures have been shovn 
to be components of the ergot alkaloids (Chapter 33) and of the tomato- 
wilt factor (lycoraarasram) of the fungus Fusanum lycopersici 
Of special interest was the finding, m 1937, by Ivanmics and Bruckner 
that the capsular substance of Baallus antkraas and of related species 
IS completely converted, on hy’drolv^is, to o-gJutamic acid Later work 
has suggested that the cap&ular material has a high molecular weight 
(about 50,000), but that tins large molecule breaks dowm readily to 


30 A Paladmi and h C Craig / Am Chem Sac, 76, 688 (1954), T P King and 
L C Craig, tbtd, 77, 6627 (1955) 

31 p H Long et a! Ann N 1 Acad Sa, SI, 853 (1949) 

32J R Weisiger et al, / Am Ckem Sac 77, 3123 (1955), I M Lockhart and 
E P Abraham, Biochem J , 58, 633 (1954) 

S'*!! Broekmann Angea Ckem, 66, I (1954) 

3*T S tVork, Biochem Soc Symposia, 1, 61 (l&JS) 

33T VVicIand et al, Ann Chem, 577, 215 (IS53) 
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Another peptide found in n'lture is carnosme, it was discovered in 1900 
by Gulewitch Carnosme (/3-alanjl-L-histidine) is a constituent of aque- 
ous extracts of muscle of \ertebrates, and is accompanied bj its N-metliyl 
deri\ ati\ e anserine (/3-alanyl-l-inethj 1-L-histidine) Although carno- 
sine and anserine raaj be considered dipeptides, one of the amino acid 
residues, that of ^-alanine, is not found in proteins Snake muscle con- 
tains a dipeptide (‘'ophidine*') shown to be a dernative of carnosme in 
which the carbon atom between the 2 nitrogens of the iraidazoljl ring 
bears a methyl group 


NH 2 CH 2 CH 2 CO— NHCHCOOH 


HC: 

I 


=CCH 2 


NH 

V 


NH2CH2CH2CO— NHCHCOOH 
HC=C(!;H 2 

J 1 


N 


N— CHs 


CH 

Antenae 


One factor in the rise of interest m peptides was the disco\cry that 
\anous strains of microorganisms elaborate peptides that ha\e anti- 
bacterial actiMtj toward other microorganisms Among the first of 
these was a material named “gramicidin,” obtained from Bacillus brevis 
by Dubos and Hotchkiss Although this preparation was obtained m 
crystalline form, Craig sliowcd that it was not a homogeneous peptide 
As a result, the principal component is named gramicidin A, and the 
minor components arc termed gramicidin B, C, etc Upon hydrolysis, 
"gramicidin” yields L-tryptophan and D-Icucinc as the mam pioducts, 
together with smaller quantities of d-\ aline, L-\almc, L-alnninc, glycine, 
and 2-ammoethanol (ethanolamine) Since no free amino or carboxyl 
groups can be demonstrated in the intact malernl, it has been concluded 
that “gramicidin” has a cyclic structure, molecular weight determinations 
suggest that the a\ crage molecular w eight of the gramicidins is near 4000 
^\ ith the gramicidins are elaborated n group of basic peptides, named 
tyrocidincs, winch on hydrolysis yield a number of ammo acids including 
L-ornithinc and D-plienylalaninc The simplest known member of this 
group of peptides was obtained by the Russian in\cstigator Cause, and 
misnamed by him “gramicidin S” (SoMct gramicidin) On hydrolysis, 
gramicidin S a lelds equimolar amounts of L-ornitliinc, l-\ aline, L-Ieucmc, 
L-prohne, and D-phcnylalanine*® Since onh tlic S-amino group of 
ornithine appears to be free, it has been concluded that gramicidin S also 
IS a cyclopeptide, probably containing 10 amino acid residues The 
closely related tyrocidmc A and tyrocidine B ha\e been shown to be 


-'’T Ono and It Hirolmta, Z pkjfsiol Ckem , 301, 77 (1950) 
R L M S>ngo Biochein 7, 39, 363 (1915) 
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In a brilliant senes of in\estigations, tin Vigneaud and his associates 
ha\e established the chcmica! structure of oxytocin bj ammo acid 
analysis, bj sjstematie degradation, and by chcinical synthesis » la 
the posterior pituitarj', oxytocin is accompanied bj vasopressin, a differ- 
ent but structurally related peptide hormone The structure of oxytocin 


CcHiOH 


CHs 

CH— CH2CH3 


NHj CH2 

I j I IselcuBi! 

CH 2 CHCO— NHCHCO— NHCH 

j Tyrcayl j 

s CO 


iHjCHNH— COCHNH— COtH-CHsCHjCONHj 


NH 

I GIutanu&}{ 

3 C£ 


CO 


CH-CONHa 


N 

/ \, Leucyl Glycjl 

CHs CHCO— NHCHCO-NHCHjCO-NHj 


Prelyl j 


CHj CHj 


CH2CH(CH3)2 

Slnirture of oxytoao 


(from beef and s^inc) is shown, in beef \asoprcssm, the isoleucjl and 
leuc>l residues arc replaced by phcnjlalanyJ and argmjl residues respet- 
tnclj, wlicrcas in swmc %asopressm thej arc replaced by phcnjklanjl 
and lys>J residues'*'^ All the ammo acid residues of these hormones 
ha^e the L-configuration A distinctne structural feature is the presence 
of a macrocychc ring involving the disulfide bond of c\stine, a similar 
cyclic structure forms a part of the msulm molecule (cf p 146) 

The use of countercurrent distribution and chromatographic techniques 
has also been decisive m the elucidation of the structure of peptides 
obtained from the anterior pituitary, and which stimulate the secretion 
of adrenal cortical hormones (Chapter 38) Other peptide-hke sub- 
stances of physiological importance are secretin and hypertensm (or 
angiotonm) , the latter substance is formed by the kidncj when the 
blood supply of this organ lias been curtailed, and promotes a nse in blood 
pressure A purified preparation of a hypertensm has been obtained by 
partition chromatography, and found to ha\e the following amino acid 

2»V du \jgneaud et al . 7 Am Chem SoCo. 75, 4879 (1953), 76, 3115 (1954), 
V du Vjgneaud, JJarvey LeetuTes, 50, J (1956) 

•*®V du Vigneaud et al J Am Chem Sot:, 75, 4S80 (1953), 76, 4751 (1954), 
79. 5572 (1037) 
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particles haMng a molecular weight of onl> a fe^ thousand Also, e\i- 
dence has been presented for the presence, in this substance, of CO — 
bonds in\ol\ing the y-carbox\l group of glutamic acid^*^ 

It ^^as noted abo\e that a decisne contribution to the studj of the 
chemistrj of the gramicidins ^\as made bj Craig, ^^ho %\as able to sep- 
arate a number of peptides from one another Craig's method has 
pro\ed to be of considerable \alue for the fractionation of mixtures of 
closch related substances, and it depends on the same general principles 
underljing the familiar laboralorj procedures for the extraction of a 
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Fig 9 Separation of two compounds (A nnd B) bj countercurrent distribution in- 
NoUing 21 transfers [From B Wilinmson nnd b C Craig J Biol Chem , 16R, 
CS7 (1917) 1 

clicinical substance from one sohent, such as iiater, b\ another sohent, 
‘^uch as chloroform Its theoretical basis is similar to that of partition 
chromatographj (cf p 115) Craig’s method is termed “countercurrent 
dwtnhution,” and imoUos tlic use of an ingenious apparatus in Inch 
permits one to jicrfonn as inanj as 100 or more successiic extractions 
m a single operation, and to determine tlic distribution of the com- 
ponents of a mixture®^ In Fig 9 is shonn the separation of a mixture 
of 90 jicr cent of substance A (partition coefficient = 1) and 10 per cent of 
substance 13 (partition coefficient - 10) The countercurrent distribution 
method 1ms been applied nitJi signal success to tlie purification of 
oxNtocin,’’ a peptide hormone of the posterior pituitarN gland (Chapter 
38) 

®‘*S G Chem , 1955, 517 

C Cnig ct il Cold Spnng Harbor Sifmponn Qunnl Bwl 11, 21 (19^19) 

I’ \ oa Tiivol nnd U fcicncr l<hflncc< m Protein Chem 11, 237 (195G) 

^'’J G J’jcrcc ct al, ^ Bwl Cfirm 199, 929 (I0f2) 
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are available for the identification of the amino aetd residue bearing the 
free a-amino group of the peptide chain (“N-termmal residue”), the one 
bearing the free or-carboxyl group ("C-tcnmnal residue”), and also for 
the determination of the ammo acid eequcnccs of segments of tlie peptide 
chain In Sanger’s bnllmnt work on insulin, to be discussed in what 
follows, the information obtained by tlieae methods permitted him to 
formulate the complete ammo acid scquonce of this protein hormone 
It IS hivel> that further developments in this field wiU lead to the clucida* 
tion of the complete sequences in other proteins 

Oeterminalton of N-Termmol Ammo Acid Residues In 1945, Sanger 
introduced the use of 2,4-’dmitrofiuoiobenzcne (DNFB) as a general 
reagent in protein chemistry*^ BNFB reacts with the free ammo 
groups of pcptido chains to gne dmitrophenyl (DNP) peptides (cf 
p 50) The choice of the DNP group was based on the finding that its 
linkage with an ammo group is more stable to hjdrolysis than the pep- 
tide linkages of the protom In addition, the presence of the DNP group 
confers upon its dcrnativcs a jellow color that is useful m following the 
fractionation of a mixture of DNP compounds When insulin was 
treated with DNFB, and the DNP-insuIm was h>dro)> 2 ed with acid to 
bleak all its pcjitidc bonds, those amino ncids which, in the intact pro- 
tein. had a fice ammo group were present in the hjdrolysate as jcllovr 
dmitrophcnj 1 denvatnes Clearly, if lysme is present in the intenor of 
the peptide chain, the free c-amino group will also react to form an 
<-DNP-l>syl dernatnc DNFB reacts with the phenolic hydroxyl of 
tyrosine and the imidazoljl group of histidine but* yields colorless DNP 
compounds 

Sanger separated the colored DNP denvatnes by chromatography on 
silica gel, and identified them by comparison with authentic samples of 
DNP-amino acids Since DNP-gly cine and DNP-phcnylaianme w ere the 
only «-substituted ammo acids obtained from DNP-msuhn, Sanger con- 
cluded that gly cine and L-phenj lalanine represent the N-terminal residues 
of the peptide chains of msulin For a time it w as thought that the molec- 
ular weight of insulin is 12,000, and the results of the end group studies 
were interpreted to indicate the presence m the protein of 4 peptide 
chains {2 glycyi chains and 2 phenjlalanyl chains), but with the recog- 
nition that the molecular weight may be about 6000 (cf p 43), only 
1 gHcj] and 1 phenylalanyl chain need to fac considered 

The DNP technique of end group analysis has been applied to many 
proteins (Table 4) In the u'^e of this method, and other methods for 
the same purpose, it is important to bear m ramd the assumption that 
a reagent such as DNFB reacts with all the N-terminal groups of a 
protein molecule If a terminal ammo acid is not accessible to the 
Sanger, Cold Spnng Harfeor 5i/»ipos*a Quanl Bwl, 14, J53 (11119) 
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sequence 

A&partj l-argin> I-\ al> 1-tyrosj l-val> 1-histidyl- 
prolj 1-phenj lalanyl-histidjl-leucine 


Finallj, mention may be made of the occurrence of peptides of l- 
glutamic acid in nature Of special importance are the glutamjl peptides 
linked to a ptero\l residue (p 207) in the group of \itamins termed folic 
acid (Chapter 39) A peptide isolated from >east, and related struc- 
turallj to folic acid, jiclds, on hydroljsis, 10 to 11 units of L-glutamic 
acid Another peptide of u-glutamic acid, found in nature, js the dern a- 
ti\e of tri-L-glutammc T\hich was obtained from extracts of the 
brown marine alga Pelvetia fasttgtata, the substance ma> be named 
“fastigiatin 


CO 

I 

CHa 


CHa 


CO— NHa CO— NHa 
I I 

CHa CHa 


NH' 


:(!:hco-; 


CHj 
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CHz 


■NHCHCO— NHCHCOOH 


F«5(u;iatio 


At the beginning of tins cliaptcr, several items of experimental evidence 
were presented in favor of the Fischcr-Hofmeister hvpothcsis of the 
structure of proteins The widespread occurrence in living sj stems of 
peptides ma> be taken as additional indirect evidence of the fact that 
the peptide bond is the principal mode of linkage between the ammo acid 
components of manj natural products, including the proteins 


Sequence of Ammo Acid Residues in Proteins 
The picture of protein structure that will have emerged from the 
discussion thus far shows the amino acids to bo joined to one another 
in chain-like aggregates bj means of peptide bonds involving the a-amino 
and a-carboxjl groups, with occasional cross-links between separate 
peptide chains and between parts of the same chain If this is assumed 
as a basis for further work, and one knows the proportion of ammo acids 
released on complete hjdrolvsis of a protein, an approach maj be made 
to the determination of the sequence of the individual residues in the 
peptide chain of that protein In recent jears, decisive progress has 
been made in the development of methods for such studios Procedures 

^\ S Peart, Biochem J 62, 520 (1956), D F Elliott and VV S Peart, tbid , 
65, 210 (1957) 

A Dekker et al J Dtol Chem 181, 719 (1949) 

Sanger, Adiances m Protem Chem , 7, I (1052), H G Ivhorana, Quart 
Rets, 6, 340 (1952) 
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organic sohent (mtromethano) to give the phen> Ithiohydantoin of the 
N-terminal ammo acid (cf p 50) The phenylthiohydantom is soluble 
in the organic sohent, and ma> be identified hy chromatograph}, 
v.hereas the rest of the peptide chain is insoluble The recover} of the 
insoluble peptide {minus the onginal N-tcrminal residue) permits one 
to repeat the Edman procedure on this material, and to identif} the 
second ammo acid from the a-amino end of the peptide chain In fa\or- 
able cases, this procedure has been repeated several times to determine 
the sequence of ammo acids m the N-tcrminal segment of a long peptide 
chain In the Levy method, CS 2 is allowed to react with the peptide in 
alkah to form the thiocarbamatc { — ^NHCSS"), at pH 3 to 4, this 
product undergoes ring closure to give the 2-thio-5-thmzohdone (p 50) of 
the N-termmal amino acid An additional method which offers promise 
for the determination of terminal a-amino groups involves the treatment 
of proteins or peptides with bromoacetatc (BrCHsCOO*") to form 
N-carboxj methyl derivatives ( — NHCHsCOO") 

In addition to the end group methods based on chemical substitution 
of the N-terminal residue, use has been made of the enzyme aminopep- 
tidase (Chapter 29) This enzyme specificali} hjdrolyzes peptide bonds 
adjacent to free a-amino groups, and the liberated ammo acids may be 
identified chroinatograplncall} 

Defermtnahon of C-Terminoi Ammo Acid Residues One of the avail- 
able procedures is to treat a protein with lithium boroh}dnde (L 1 BH 4 ), 
which reduces the free terminal carbo\}i groups to carbinol (CHgOH) 
groups {cf p 131) The terminal amino acid residue thus is converted 
to the corresponding ammo alcohol The reduced protein is then hjdro- 
Ijzed, and the ammo alcohol is identified b> chromatograph} Another 
chemical metliod involves treatment of the protein with h}drazine 
(NHsNHs) at lOO'^C, this cleaves all the peptide bonds and converts 
all ammo acid residues except the C-terminal residue to h}dra 2 ides 
(—CONHNHs) The liberated C-terminal ammo acid then may be 
determined chromatograpbieall} 

A valuable enz}imo metliod is the use of carbox} peptidase (Chapter 
29), which specificali} b}<lrol}zes pcplidc bonds adjacent to free 
a-carbox}l groups The liberated aramo acids are identified chroroatog- 
raphicall} Despite several limitations, this method appears to be the 
best one now available for the detenmnatioa of the C-termmaJ residues 
of peptide chains, and it Isas been used successfully with several proteins 
(cf Table 4) 

S Kormau and H T Chrke J Biol Ckem , 221, 113 133 (1956) 

50 R L Hill and E L Smith, J Btol Ckem 228, 577 (1957) 

5JC ^m and H Fracnkel-Conrat, / Am Ckem 5oc, 77, 5882 (1955), J H 
Bradbxir> Biockcm J , 68, 476, 482 (1938) 



STRUCTURE OF PROTEINS 


143 


Table 4 N-Terminal and C Terminal Residues of Some Proteins 


Protein 

Insulin (beef, swine, sheep) 

Ljsozjme (egg white) 
Ribonuclcase (beef pancreas) 
Papain 

Trjpsin (beef pancreas) 
^-Lactoglobulm 

Egg albumin 

Serum albumin (human, hor'^e, 
beef) 

Hemoglobin (beef, sheep, goat) 

Hemoglobin (adult human) 
Mjoglobm (horse) 

Maoglobin (whale) 

\ldolase (rabbit muscle) 

Tobacco mosaic airus protein 


Assumed 

Molecular 

Weight 

N-Tcrminal 

OTerminal 

G,000 

1 gh C 5 1 

1 asparagine 


1 phenjlalanjl 

1 alanine 

14,700 

1 hsyl 

I leucine 

14,000 

1 1>S\'1 

1 valine 

20,300 

1 isoleucjl 


23,500 

1 isoleucjl 


40,000 

3 lcuc>l 

1 isoleueme 

45,000 


1 histidine 

1 prohne 

60,000 

I aspartjl 


6C.000 

2 \al>l 


CC.OOO 

2 methionjl 

4 \al>l 


17,000 

1 glycjl 


17,000 

1 \al>l 


140,000 

2 prol>l 


17,000 

1 prol> I 

1 threonine 


reagent, possiblj because of folding of the long peptide chain (cf p 164), 
it maj not be substituted For example, p*iodophcnjlsulfon>l chloride 
does not appear to react with ns man> ammo groups of a protein ns docs 
DNFB Some proteins, such as mxosin or egg albumin, do not gi\e 
an> a-DNP dcritatucs of amino acids b\ the Sanger method, and tlie 
question arises whether the protein is composed of c\chc peptides lacking 
N-terminal groups, or wliethcr such groups arc piescnt but not accessible 
to the reagent In nnj end group method, it is essential that the yield 
of tlic terminal ammo acid (or its dcri\ati\c) heir a stoichiometric rela- 
tion to amount of protein used Anj contamination bj detectable 
amounts of free ammo acids or peptides will lead to erroneous results, 
since these sub'^tances w ill also react w ith DNFB or a similar reagent 
Other useful chemical methods for the determination of X-terminal 
residues include the phcnjlthiocarhamjl method of Edman^^ and the 
thiocarbamatc method of Lc\> ■** In the Edman method, the protein or 
peptide IS treated with plicnjh‘-othioc>anatc to form a phen> Ithiocar- 
bam>l (PTC) peptide, which 1 % then clea\cd h} nnhjdrous HCI m nn 

* S Uthiifricnd nnd S T ^ rlick J Biol Chetn , 190, 733 (I9j1) 

Iv 11 u1p\, Biochcrn J 19,23 (lOol) 

DImnn Aetn Chem Scand J, 2S3 (19o0), 10, 7G1 (195G), H Fracnkcl- 
Conrat nnd J I Hum** J Am Chem Soc, 76, 605S (I9al) 

I Ic\} J Chem Soc 1950,401 
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Phenylalan>l-val3l-asparagiDj}-'glutaminyl-lustidy]-leucjI- 
cysteyl-glytjl-5eryl-b]stid3d-leucyi-\alyl-glutaray]-alanyl- 
leuej I't-v rosyi-ieucj 1-valj l-cysteyl-glj cyi-glutamjl-argm} I- 
glj c\ I-phenylalanyi-phcnj lalafljl-tj rosy 1-threonj 1-proIyI- 
lysyl-alanine 

The examination of peptides formed upon enzjmic degradation of 
iniuJin made it possibio to estabJish the position of the glutaww}} and 
asparagmjd residues, and of the disulfide bridges, thus permitting the 
fonnulation of the structure of beef msulm sliou n in Fig JO It mil be 


Glycme (4) 
Abimoe (3) 

Vahne (5) 
IsoJeucine (2) 
Threonine (1) 
Senoe (3) 
Aaparagine (3) 
Glulanue acid (4) 
Glutaxajoe (3) 
Prohae (1) 
Cystane (3) 
Leueme (6) 
Tyrosine (4) 
PhenylilAOifle (3) 
Hi5tidme(2) 

Lysine (1) 
Arginine (1) 


Ser~Leu-~T^— GJu-'NHj 


NHj 

1 


Cys-Val 
/ I 

* See 

1 


Gly— Deu— Val—Glu— Glu— pys-^s—Ala 

NH* NH, I 

1 » ' 

Phe —Val — Asp—Glu— His— Leu — C!> s - 0)y 

Ser 

I 

Glti-VaI-*leu-His 


Leu 

{ 

Glu 

Asp-'NHj 

jvr 

CJys—Asp— NHj2 


Ala— Leu— TVr'-Lcu— 

Gly 

Ala-Lys-Pro-Thr-lVr-Phe-'Pbe-Gly-Arg-GIu 


rig 10 Ammo acid composition and sequence of beef insulin 


seen that the beef insulin molecule is. characterized b> the presence of a 
ring in\ohmg 3 "half-cjstine” residues, aJanme, serine, and saline of the 
A>cham A similar cjclic structure has been established m the peptide 
hormones of tlie posterior pituitary (cf p 140) 

Insulin preparations from oilier spetics ha\e also been oxanuned b> 
Sanger, and ha\e been found to ha^e a structure similar to that of beef 
msuhn, except for the nature of the ammo acid residues m the ring 
mentioned in the previous paragraph The ala-ser-\al sequence of the 
A'Cham of beef insulin is replaced by thr-ser-ileu m swine insulin, bx 
ala-glj-ial m sheep msuhn, bv thr-gJj-ileu la horse msuboj and by thr- 
ser-ileu m whale insulin®^ 

Ammo Acid Sequences in Other Proteins The success achieved bj 
Sanger wuth insulin led to the studj of the ammo acid sequences of other 
proteins, and to the development of new methods for the fractionation 
of peptides formed by partial degradation Il'hereas Sanger’s nork 

Brown et al, Biochem J , 60, 656 (1935), J I Hams et al. Arch Biochem 
ond Biophys, 65, 427 (1956) 
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The Structure of Insulin The T\ork of Sanger on insulin represents 
one of the greatest achie%ements in protein chemistrj because it ^as the 
first to proMcle the complete ammo acid sequence of a ^ell-defined 
protein As noted before, the insulin molecule v\as found to be composed 
of ti\o peptide chains, these are joined bj disulfide bonds To clea\e 
these bonds, Sanger treated insulin or DNP-insulin with performic acid 
(HCOOOH), which conaerts cjstine into 2 molecules of cjsteic acid (cf 
p 58) The two peptide chains of oxidized insulin could now be 
separated from each other, and each was subjected to ammo acid 
analysis and to partial degradation b> h>drol>sis with acid and with 
protcinasos (cf Chapter 29) The gl>cj\ chain of oxidized beef insulin 
was found to be composed of 21 amino acid residues, and was termed 
the “A-cham”, the phcnjlalan>l chain, with 30 residues, was termed the 
“B-chain ” To establish an uncqui\ocaI sequence for each of the two 
chains, manj fragments had to bo isolated and identified, for example, m 
the studj of tlie A-chain, about 35 peptides formed on partial acid 
h>droljsis were examined to determine their structure b> complete ammo 
acid analjsis and bj end group assaj The approach ma> be illustrated 
b\ the identification of the N-termmal octapoptidc segment of the 
A-cham, a number of peptides (not all arc listed) were separated and 
identified, thus permitting the formulation of a unique sequence for this 
segment, as shown in the scheme 

Dipeptides Ileu-\al Glu-cjs 

Val-glu 
Glu-glu 

Larger peptides Ilcu-\ al-glu Cys-c> s-ala 

Glj-ileu-xal-glu 

Glu-cys-c^ s-ala 
Ileu-\ al-glu-glu- 

Sequence of segment Glj-ilcu-\al-glu-glu-cjs-cj s-ala 

Bj combining the information about the amino acid sequences of large 
segments of cacli chain, and the relation of the segments to each other, 
Sanger concluded that the complete ammo acid sequence of tlie A-clnm 
of oxidized beef insulin is 

Gh cj l-isolcucN l-^ ah l-glutaiii> I-gliitaminj 1-cj stej 1-cj stej I- 
alanj 1-scrj U\ aU l-c^ *>tcj l-^crx 1-lcucj l-t\ ros\ 1-glutaminj 1- 
lcuc^ l-gliitamj l-ii'-paragiin 1-tj rosj 1 c^ sttj I-aspangmc 

and that of the B-chnin is 

‘’uiKcr arnl 11 Tujip\ BuH-hrm J 49 , 4C3 4S1 (I9ol) T Sinpcr and 
I O I’ Tliotnp on dnd 53, SCO (IlloS) , 1 SmRfrctn! tbtil 60, 511(19o5) 
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The periodicity hypothesis of Bergmann and Niemann served as a great 
stimulus to the development of accurate methods for the determination 
of the ammo acid composition of proteins, and it soon became evident 
that the hypothesis v\as untenable m the form in vhich it had been 
proposed Examination of the ammo acid sequence of insulin gives no 
evidence of periodicity Also, studies on partial hydrolysates of 
silk fibroin indicate that the chain contains sequences of tlie type 
— G — X — A — G — A — G — ^X — It IS clear that the periodicity hypoth- 
esis vas an o\ crsiraplification, and its history' serves to caution against 
mathematical theories of protein structure insecurely founded on experi- 
ment For a discussion of some of the many hypotheses of protein 
structure, see the articles by Vickery and Osborne,®® by Pauling and 
Niemann,*® and by Bull 


The Shape of Protein Molecules*^ 

The determination of the sequence of ammo acids m long peptide 
chains, and of the location of disulfide bndges, provides a sound basis 
for the understanding of protein structure, but does not suffice to describe 
completely the chemical properties of protein molecules As vill be 
seen from the subsequent discussion, the existence of chemical linkages 
in addition to peptide and disulfide bonds must be invoked to interpret 
studies on the shape of protein molecules Some proteins, such as the 
scleroproteins keratin and silk fibroin, are normally obtained m the form 
of fibers, and may be considered to approximate nbbon-hke structures of 
several hundred ammo acid residues linked by peptide bonds The 
disulfide bonds of keratin help to join the separate chains, and it is 
assumed that, in the unstretched fibrous protom, “hydrogen bonds" 
cooperate to confer upon each peptide chain a characteristic coiling 
{p 154) The vast majority of known proteins normally do not behave 
as long fibers, but tend to be rounded m shape , these arc termed “globu- 
lar” or “corpuscular” proteins The long peptide chains of each of the 
globular proteins must therefore be held m a coiled structure by chemical 
forces that confer upon the protein molecule its characteristic physical 
shape The changes in several properties of globular proteins (eg, 
solubility, enzymic activity) that accompany denaturation (p 153) are 
associated with changes in their molecular shape 

57 E Slobodtan and M Lei'j’, J' Biot CAem, 201, 371 (1953) 

B Vickerj and T B Osborne Pkystol Revs, 8, 393 (1028) 

Pauling and C Niemann, J Am Chem 5oc, 61, 1860 (1939) 

B Bull, Advances tn Emymot, 1, 1 (1941) 

T E<!sall. in H Neuratb and K Bai}e>. Tke Proletns, Vol IB, Chapter 7 
Academic Press New York, 1953 
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largelj in\ohed the use of paper chromatograph} and of lonophoresis 
(p 106) , other im estigators ha\ e cmploj ed ion-e\change chromatography 
and countercurrent distribution In particular, chromatography on lon- 
exchange resms such as Doue\-50 (p 122) has proaed aaluable for the 
separation of peptides of closeh related structure 

Clear!} , as the length of a peptide chain increases, the problem of 
establishing its ammo acid sequence becomes more difficult Howe\er, 
the elucidation of the structure of the adrenocorticotropic peptides 
(Chapter 38), with 39 ammo acid residues, alread} has shown that the 
limits imposed b\ the a\ailablo methods have not been reached Further- 
more significant progress is being made toward the formulation of the 
complete ammo acid sequence of ribonuclease, which consists of a single 
peptide chain of 124 ammo acid residues It ma} be concluded, there- 
fore, that the studv of the ammo acid sequence of proteins is now on a 
secure experimental basis, and hkel} to advance m the future with the 
development of improied methods 

In tlie face of the experimental difficulties encountered in the establish- 
ment of the amino acid sequence in the peptide chains of proteins, it is 
not surprising that assumptions should have been made m an attempt 
to simplif} tile problem One such postulate, which has recurred at 
intervals m the lustor} of protein clicmistrv, is that each t}pc of amino 
acid residue is regularl} repeated along a peptide chain Thus Kossel in 
1900 suggested tliat clupem, tlic protamine derived from herring sperm, 
consisted of a regular arrangement of arginine residues (A) and of 
monoamino acid residues (M) as follows 

_A— A— M— A— A— M— A— A— M— 

More rocentlv, Bcrgmann and Niemann®® put forward the h}pothesis 
that anv particular immo acid residue is repeated in a peptide chain 
with a frcqucnc} given bv the expression 2" X 3", where m and n are 
cither zero or positive integers On the basis of the then available data 
for the amino acid composition of silk fibroin, for example, the} con- 
cluded that each glvcinc residue (G) recurred in tlic chain with a 
freejuenev of 2, the alanine rcsuliie (A) hul a pcnodicit} of 4, and the 
t}rosmo residue Iiad a pcnodicit} of 16 If the other ammo acid residues 
arc denoted hv X, a segment of the silk fibroin molecule, according to 
this view, would liavc the following structure 

-A-G-T-G-A-G-X-G-\-G-X-G-A-G-X-G-A-G-T-G- 

I* Do«n>ont uid J S I niton, 7 Itinl them 197, 271 (1952) 

•C H V\ Ilirx rt nl J Iliol Clum 221,151 (193G) K R Rcdfield and C B 

Anfin cn d id, 221, 3So (19>6), A P RjlcnndC B \nfin'(.n iStochim ct Diophi/^ 

Acht 21, G33 (J9o7), b Moore and II Stem Harity LccIutcs, 52, 119 (19oS) 

"'’M Bcrgminn and C Nicminn Srnwec,86, 1S7 (1937) 
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Table 5 Molar Fncfional Ratio of Several Proteins 


Protein 

///o 

Protein 

f/fo 

Ribonuelease 

104 

Egg albumin 

116 

Cjtochrome c 

129 

Hemoglobin 

124 

Carboxj peptidase 

116 

y-Globuhn (human) 

149 

^-Lactoglobulm 

126 

Fibnnogen (human) 

198 

Insulin 

1 13 

Tobacco mosaic virus 

312 


the anhjdrous protein It is convenient to express ///o as the product 
of the t^o ratios ///* and fe/fot ^here /* applies to the anhydrous protein 
One maj then make assumptions about the shape of the anhjdrous 
particle If it is assumed that proteins are elongated ellipsoids such as 
shovvn m Fig 11, the ratio of the major to the minor axes (a/b) may be 


Scale 


100 A Na* C! Glucose 



0t-ljpoprotein 

1^00000 


Ftbrinogen 

<00000 

Fig n Relati\e dimensions of sanou3 proteins (From J L Oncley, Conference 
on the Preservation of the Cellular and Protein Components of Blood, American 
National Red Cross, ashmgton, 1919 ) 

calculated from values assigned to /«//© a prolate spheroid, if 

a/b = 2, Ufo = 1 044, if a/b = 5, fJh = 1 255 An estimate maj be 
made of ///,, the asjTnmetrj' due to hjdration, if the amount of vater 
bound per gram of protein is known, but it is not possible at present to 
be certain of the relativ e contributions of /e//o ^ii^d of // to the obsen ed 
values of ///o In some calculations of a/b, the factor of hjdration has 
been neglected, with highly asjmmetnc particles of ///o above 2 this is 
justified Because of the assumptions and uncertainties in the calculation 
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Although there are se\cral experimental techniques for the study of 
the shape of protein molecules, the data given hy these methods do not 
give the desired information without assumptions of uncertain validity 
A w idelj used procedure inv olv cs the measurement of the rate of diffusion 
of proteins in solution This is determined bj forming a sharp boundary 
between a protein solution and the solvent, and by observing the change 
in refractive index gradient, as in electrophoresis The schlieren optical 
technique (p 37) has been used for this purpose, but an interferometric 
method has been developed that is more precise®- As the protein 
diffuses into the solvent, the peak in the schlieren diagram flattens, and 
from measurements of the rate of this change one may obtain the diffu- 
sion constant (D) of the protein D has the dimensions cm- sec"*^, and 
IS 10- ® to 10“ for most proteins It will be recalled that a value of D is 
needed for tiie determination of the particle weight of a protein bj the 
sedimentation velocitj -diffusion method (cf p 41) 

The diffusion constant (or cocflicicnt) is given b> the equation 
_ _ KT ^ 

/ "ns 

where K is the gas constant ptr molecule (K =- R/N) , T is the absolute 
temperature, R is the gas constant per mole, and N is Avogadro's number 
(0 02 X 10^3) The term / is a constant that is characteristic of the 
particles and of the medium and maj be considered the force that acts per 
molecule to give it a vclocitj of 1 cm per sec If one assumes that the 
particles arc splierical, Stokes’ law ma> be applied, ic, 

So — CflTjr 

where ij is the v iscositj of the medium, and r is the radius of the dissolved 
particle Since tlie radius of a spherical particle is equal to {ZVM/AirN)^, 

In this equation, ^1/ is the molecular weight and V is the partial specific 
volume The value of /, obtained from an experimental determination of 
D, IS alwajs greater than that of So calculated from known values of M 
and V, 1C, the ratio f/fo is alwajs greater than unitj This ratio is 
termed the “frictional ratio” or “dissv mmetrv constant,” and several 
representative values arc given in Table 5 

The ratio f/fo is a measure of the extent to winch the shape of a 
protein molecule deviates from that of a perfect sphere The u«c of the 
ratio for the calculation of the shape of the particle is made difficult bv 
the fact that the asvmnietrj ma> be a consequence both of the binding 
of water bj the protein (“hv dration”) and of the intrinsic nsvinmetr} of 
L J Go^tinR tn Protein Chem , 11, 420 (1950) 
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1 25, the axial ratios for elongated spheroids calculated from these data 
are 5 0 and 5 6 respcctucly 

Anotlier procedure for the study of the shape of protein molecules is 
especially useful -Mth asymmetric proteins If one passes a beam of 
polarized light into a protein solution at rest, the protein molecules tmH 
be randomly oriented, and the light beam will not be affected On the 
other hand, if the protein solution is allowed to flow through a narrow 
tube, the asymmetric molecules will orient themselves with respect to 
one another, and, the more rapid the flow, the greater will be the parallel 
orientation This w'lll cause the phenomenon of “double refraction of 
flow” or “flow birefringence,” and measurement of the extent of the 
double refraction of flow at different velocities of flow will give a measure 
of the asymmetry of the protein molecules®^ This phenomenon has been 
studied extensuclj with the muscle protein myosin, if zero hydration is 
assumed, flow birefringence data suggest that this protein is about 2000 
A long for an axial ratio of 100 

Still another method is to subject the protein solution to an alternating- 
current field In an electric field of sufficiently low frequencj, the 
clmrgcd protein molecules can rotate to follow the alternation of the field 
As the frequencj is increased, however, the protein molecules are unable 
to follow the field The difference m orientation of the protein molecules 
may be obscr\cd by measurement of the dielectric constant (p 20) of the 
solution At low frequencies the protein molecules are complctelj 
oriented and the dielectric constant is high, at high frequencies the 
molecules arc unonented, and a lower \aluc of the dielectric constant 
results From the form of tlie curves obtained on plotting dielectric 
constant against frequency, conclusions ha\e been drawn about the 
ratio of major to minor axes of assumed spheroids corresponding to 
the proteins studied This approach involves the assumption that the 
charge distribution on a protein molecule is fixed, however, Kirkwood 
has proposed an interpretation of the dielectric behavior of proteins 
based on the fluctuation of the charge distribution 

A recent procedure developed for the study of the shape of protein 
molecules depends on the measurement of the polarization of the fluo- 
rescence of protein derivatives*® 

G3J T Edsall, Advances in Colloid Set. 1, 269 (1912), R Cerf and H A 
Schornga Ckem Revs, 51, 185 (1952) 

cij G Kirkwood and J B Shumaker, Proc Wall Acad Set , 38, 855, 863 (1952), 
S N Timasheff et al , J Am Chem Soc, 79, 782 (1957) 

65 G Weber, Advances tn Protein Chem, 8, 415 (1953) 
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of a/b, the “cigar-shapcd” protein molecules depicted m Fig 11 are onlj 
rough approximations, and should not be considered to represent the 
actual shapes of the proteins shown 

The hydration of proteins is an important factor in the e\aluation of 
their physical properties, since the quantity of water bound by a protein 
may be between 20 and 50 per cent of its dry weight Most of the bound 
water can be remo\ed from a protein crystal by drying at 100° C, but 
some bound w ater may still be present after such treatment It should 
be added that, although the determination of D gnes the diffusion 
constant of the hydrated protein, the \aluc of the particle weight (M) 
obtained by sedimentation velocity -diffusion refers to the anhydrous 
protein 

Tlie diffusion method described above measures “translational dif- 
fusion ” If the molecules m a solution are oriented in a gi\en direction 
by the imposition of an external clcctnc field, and then the field is cut off, 
they undergo “rotary diffusion” to establish a random orientation The 
“relaxation time” required to reacli the random state is related to 
molecular shape, and may be used for the calculation of axial ratios of 
assumed elliptical models 

In addition to diffusion methods, the study of the \ iscosity of protein 
solutions has given information about the shape of protein molecules 
The viscosity of a liquid is measured by determining the time required 
for a given volume to pass through a capillary tube The coefficient of 
V iscositv , i;, is a measure of tlie resistance of a liquid to the stress imposed 
!)y forcing the molecules to move relative to each other, the unit of 
viscosity is the poise (gram cm“> scc“i) The relative v iscositv rjr of a 
solution IS equal to -q/rjo, where rj is the viscosity of the solution and 
ijo that of tlie solvent Einstein showed that a dilute solution of 
spherical particles should obey the equation “ i/r — 1 = 2 5^, where 
Tj.p i<5 the “specific viscosity” and ^ is the volume fraction of the solute 
Since refers to the liydratcd protein molecules, it is convenient to define 
an “intrinsic viscosity,” [i/I as c (grams of anliydrous protein 

per cubic centimeter) approaches zero Piotem solutions give values of 
greater tiian 2 5 as approaches zero, and the magnitude of this 
visco'ity increment mav be usc<I to calculate the ratio of the axes of an 
assumed ellipsoid CIcarlv , elongated or flattened spheroids will incrca~e 
the viscosity of a «oUent to a greater extent than will an equal numlicr 
of equivalent "phcrical molecules As with the frictional ratio, the 
interpretation of vi«co<5ity data is fraught with uncertainty as regards 
the relative contribution of hydration and of molecular asymmetrv The 
calculations of the ratio of major to minor axes of assumed spheroids hav c 
given values that arc in fair agreement with those obtained from 
diffusion data For example, for serum albumin, [jj] =C5 and ///o - 
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There is insufficient information at present to state nith certainty that 
ah the various means of denaturation cause the same chemical changes 
in a “natne” protein molecule It is. amply clear, however, that the 
conditions fa\orable for denaluration are not sufficient!}' drastic to bring 
about the clea% ago of tlie peptide bonds It \\ as suggested by Wu in 1931 
that t!ic essential feature of the denaturation process was associated with 
an unfolding of tightly coiled peptide chains, leading to the disorganiza- 
tion of the internal structure of the protein This h>pothesis has been 
vMdely adopted and lias recened excellent experimental support 
The \ lew that denatured proteins consist of disorganized peptide chains 
IS strengtliened by tlie results of measurements of the effect of denatura- 
tion on the characteristic shape of a protein In general, denaturation 
causes an increase in asymmetry, le, the molecules become more hke 
fibrous proteins This greater asymmetry has been found for a \anct> 
of proteins bj Mscosity studies, or by determination of the frictional ratio 
from sedimentation and diffusion data Tlie effect of denaturing agents, 
sucli as urea on tlie titration curves and the optical rotation of proteins 
is also consistent uith tlie vion that denaturation is accomponicd by the 
unfolding of the native protein The increased reactivity of side-chain 
groups ma> leasonablj bo attributed to the “unmasking” of tliese groups 
upon protein denaturation Since denatured proteins usually are more 
susceptible to the attack of proteoljtic enz)mes than native proteins, it 
has been concluded that the unfolding of the native protein makes the 
peptide bonds of the protein more accessible to enzymic action 
Other evidence of tlie disorganization of the internal structure of the 
native protein by denaturation is the fact that denatured proteins cannot 
be crjstalliztd, and thus they fail to exhibit the phenomenon most 
obviously associated with the cstabl^hment of an ordered array of 
molecules in a dehnitc geometrical pattern 

The Hydrogen Bond and Profein Structure 

Clearly, knowledge about tlic nature of the linkages that confer upon 
proteins their characteristic shape is of great importance for the under- 
standing of the structure of proteins and of the mode of action of 
substances sucli as the enzymes, protein hormones, and viruses IVIirsk} 
and Pauling^* made a significant contribution to the solution of this 
problem when they suggested that a major factor in conferring upon an 
extended peptide chain of a protein its cliaracteristic folding is the 
presence of “hydrogen bonds ” The impoitanco of the role of a hydrogen 

D Sterman and J F Foster, J 4m Chem Soc, 7B, 3C52, 3656 (1956) 
Lmderstrcm-Lang, Cold Spnxig Harbor Symposia Quant Biol, 14, 117 (1949) 
A E Mirsky and L Pauling, Proe Natl Acad Set , 22, 439 (1936) 
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Denaiurafion of Profetns*^® 

Tlie problem of the intramolecular forces responsible for the shape 
of globular proteins is related to the phenomenon of denaturation, men- 
tioned prcviouslj in connection with the methods for the isolation of 
proteins Denaturation is a term that is difficiiU to define c\actl} 
because it refers merclj to clianges in the properties* of a protein One of 
the distinctnc consequences of the denaturation of a protein i*? a decrease 
in solubihtj at its isoelectric point Tlic proteins that cvhibit charac- 
teristic biological actiMt\ as enzjmes, hormones, or Mru«cs usually lo«e 
these attributes on denaturation Also, protein denaturation is accom- 
panied b> an increased rcacti\it\ of sc\eral of the side-chain groups 
such as the sulfh^d^^l group of c\stcine, the disulfide group of cjstine, 
and the phenolic group of tjrosine On denaturation, now lonizahle 
groups become a\ailable for acid-basc titration®^ In addition, there 
!«! a change in optical rotation in the direction of increased Ic^orotation 
(cf p ICO) 

Denaturation nu> be causeil in \anous waa« Among them arc heating, 
or treatment with acid, alkali, organic sohents, concentrated solutions of 
urea or guanidine hj drochloridc, aromatic anions such as salicjlatc, or 
anionic detergents such as dodcc\I sulfate Not all anions are denaturing 
agents, caprjiato and aromatic carboxjiatc ions actualK protect egg 
albumin from heat den \turation Ultra\ lolcl irradiation or high pressures 
al«o cau»c dcnaturition All thc«c treatments will cause an alteration m 
the ‘‘olublht^ properties of most proteins, but jirotcms show i wuh 
difference in their t-cn-itn it\ to an\ one (»f thc'-c methods of denaturn* ion 
Tor txnmplt, the protein cnrjmt ribonucleasc is rclntiiclj stable to heat 
trcatnunl, nn<l tlic protein tnzjint tr\p-in is stable at acid pll laluc" 

If the tre itmcnt is not prolonged unduK, the dcnaturition ma> be 
rcxcr-^od bj rc-tormg tlic condition'* at which the protein i-* stable Thus 
Kunitz and Northrop wire able to ciU'-c pardlel loss of solubihtN and 
of cnzjmic actiMt> of the protein cnzjinc tr^p'in bj exposing it to a 
temperature of SO to 90° C \Micn tin solution wa- cooled to 37® C, the 
"olubilitx and ncliMtx of the tnzMnc were regimcd One mu-t di«- 
tmguidi therefore lutwecn “ri\cp*iblt’* ami “irrc\cr’-ihk ' denaturation 
of protein'. In the corner-ion of rcxcrsibU denatured /?-lnctoglohiilin to 
the irrc\(r-i!>K elemturod form, it appear- likcK that sulflndr>l group- 
of the protein ire oxidizeil (In itmo-phcric oxwgen) to dnulfide groups 

*'*11 Nnintli rt nl them /.Vi «, 31, I5S (1^11) T W Putmai mil Nitirntlj 
«n(! K Thr Pratr\n*,\iy\ IB Clnptrr 0 \rnlrmic I’rr-.*' Non \ork lOVl 

‘'IrintnnU nnd I M /^\^T J Utol Chrm 190 l'l7 (lOjl) W J. Hnr- 
rinuton tiiorfum ft Ihopht/f Actn Ifl I lO (jav;) 

*'It B Simj on nnd \\ Kftuxinnnn J Am Chrm X<.r , 75 , 5 J 39 ( 1053 ) 
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ftg 13 Boad distances and bond angles m an o\ tended peptide chain (From 
L Pauhng et al 
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Fig 14 A “pleated sheet” structure proposed for ^*keratin The structure at the 
{eft represents the configuration of a single chain (From Pauhng et al^i) 
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atom in sen ing as a bridge belw ecn 2 atoms (e g , 2 ox\ gen atoms, or an 
oxygen and a nitrogen atom) was demonstrated bj Pauling ^hen he 
sho^\cd that formic acid has the dimeric structure given in the formula 



The formation of the two hjdrogcn bonds may be considered an expies- 
sion of the tendency of the hydrogen atom to share the electrons of an 
oxjgen atom 



0 HO— 0 HO— 

Although these bonds are very weak individuallj, if a molecule has manv 
h}drogen bonds, thej will remfortc one another and thus produce a 
stable structure As applied to proteins, the h>drogcn bond hypothesis 
visualizes the sharing of hydrogen atoms between the nitrogen and the 
carbonyl oxygen of different peptide bonds to form linkages of the type 
— NH GO- Evidence for the existence of such linkages in 

polypeptides and m proteins has come from infrared spectroscopy 

Numerous studies support the view’* that the process of protein 
dcnatuntion involves the cleavage of hydrogen bonds which are responsi- 
ble for holding parts of the peptide chains in a unique configuration 
Reagents such as uro \ or guanidine arc presumed to cause denaturation 
by the same general mechanism as heat or unfavorable pH, since they 
are known to participate in hydrogen bond formation, and thus may be 
expected to break such bonds in native proteins It js likely that the 
failure of side-chain grou])s (eg, sulfhydryl, phenol) of native proteins 
to react with appropriate reagents is a consequence of their participa- 
tion m hydrogen bonding^* 

^^hatcvcr their nature, the bonds that link the parts of peptide chains 
to one another must be extrcmclv labile In addition to the evidence of 
denaturation studies, this lability is indicated bv the fact that molecules 
of globular proteins can form thin films on the surface of water Such 
protein films behave as monolavers whose tliickncss corresponds to the 

rSS Mizii-siiima Adiancc^ tn Protnn Chem 9, 299 (195-1) P Dot^ and E P 
Griilii<!ohok m H Ncuratli and I\ The Pwlejn^ \ ol lA Chapter 5 

An<limic Pros-^ \t« ^ork 1953 

Kiuiztiiiinn m l\ D McFlro\ and B Gh«t> Ihe Mcchnmvn of fnzyme 
dfOoH, Jolin^ Hopkins Prev. Hiltiraore 1951 

M I ackow^ki and H A ScheriRn J Im Chem Sue 76, 6305 (1951) 

I Chec^man and J T Davies, /tdianfr^ ih Protein CAcm , 9, 440 (1951) 
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to form spheroidal molecules has proved more difficult 
Among the important X-iay studies on this question 
have been those on hemoglobin and methemoglobin 
X-ray analysis of denatured globular proteins has 
shown the presence of extended peptide chains (as m 
yj-heratin), in agreement with the view that denatura- 
tion involves the disorganization of coiled peptide 
chains (cf p 154) 

It may be added that the helical structure of long 
peptide chains has received support from theoretical 
and experimental studies on the optical actiMty of 
polj peptides and of proteins®® Long-chain peptides 
such as polyglycine (made by the N-carboxy anhy- 
dride metliod), in which the individual amino acid 
residues arc not optically active, are dextrorotatory, 
this optical acti\ity is a consequence of the asymmetry 
of the coiled structure, which appears to be that of a 
right-handed helix Fitts and Kirkwood have derued 
an equation for the optical rotation to be expected 
from the coiling of an infinitely long helical polypeptide 
( — NH — CHR — CO — )„, tlie calculated values for the 
expected change in optica) rotation upon the disorgani- 
zation of such a helix arc close to those observed experi- 
mentally in the dcnaturation of proteins (cf p 153) 

Apart from its x'alue for the study of molecular struc- 
ture, the X-ray method provides a means for the de- 
termination of tlie dimensions of the unit cell of a 
protein, and hence of the volume of the unit cell If 
the density of the crystal is known, the weight of the 
unit cell IS obtained For several proteins, the unit 
cell represents one protein molecule, and the molec- 
ular weight (ilf) may be calculated In general, 


Fig 15 The a-heli\ with 3 7 ammo acid residues per turn 
(from Paulmg et al®i) The terminal NH and CO of each 
sequence -^NHtCO— CHR— NHlaCO- (reading upward) are 
linked b> a hydrogen bond The a-helix shown represents a 
left-handed screw composed of n-amino acid residues, it is the 
equu alent of a right-handed helix of n-amino acid residues 


81 M F Penitz. Proc Roy Soc , 195A, 474 (1949), D W Green et al, ibtd, 
225 A, 287 (1954) 

85 D D Fitts and J G Kirkwood, Proc Natl Acad Sci , 42, 33 (1956), / Ant 
Ckem Soc, 78, 2650 (195&), J T "iang and P Doty, ibid , 79, 761 (1957) 



STRUCTURE OF PROTEINS 


159 


GMdence of regularity of structure within the fiber X-ray diagrams of 
j3-keratin show the presence of a 33 A spacing, and silk fibroin has a 
3 5 A spacing These figures are near the \alue to be expected for the 
— NHCHCO — distance (3 64 A) m Fig 13 The data for j3-keratin 
also show spaemgs of 4 65 A, close to the expected distance between the 
CO group of one peptide chain and the nearest NH group of a neighboring 
chain (cf Fig 14), and of 9 8 A, near the value to be expected for the 
distance between separate chains in the plane of the side groups (side- 
chain spacing) The latter figure is onlj slightlj larger than the v alue 
calculated for the maximum length of the side chain of a large amino 
acid such as arginine (8 4 A) It is also close to the thickness of com- 
pressed monolajer films of proteins (cf p 156) The X-ra> data for 
/?-keratin and for other proteins indicate a 5 1 A spacing, but a satis- 
factor; explanation of this repeating unit is not available 

A senes of molecular models for jff-kcratm fibers has been proposed 
b> Astburj , Huggins, Pauling, and others Of these models, the one 
shown in Fig 14, and denoted a "pleated sheet” structure,®^ accounts 
well for most of the X-ra> data It Ims also been suggested that this 
structure applies to regions of the silk fibroin fiber ®” A feature of the 
model is the lijdrogcn bonding of CO groups witli NH groups of neigh- 
boring peptide chains 

On stretching, keratin fibers double m length Hence the formation 
of jS-keratin from the unstrctchcd fiber (a-keratin) suggests the unfolding 
of coiled peptide chains present in o-keratin Several hypotheses have 
been offered about the intramolecular folding in o-kcratm, in particular, 
6C^cral helical structures have been proposed One of those is the 
"a-hchx” with 3 7 amino acid residues per turn (cf Fig 15) It has 
rcceued strong support from X-ray studies by Perutz,®^ who found a 
15 A spacing for scxcral proteins, this value is the expected distance 
between planes perpendicular to the axis of the a-hclix It is assumed 
tliat intramolecular hydrogen bonding occurs between the terminal NH 
and CO groups of the coiled ‘sequence — NH[CO — CHR — NHJaCO — , 
av «hown in Fig 15 In addition, inlcrinoJccuIar hvdrogcn bonds are 
imoUed m the a«siiciation of separate helices to form the unstrctchcd 
fiber 

Although there is good cMdcncc m favor of the helical structure of 
some fibrous proteins such as o-kcratin and of long-chain svnthctic 
polypeptides prepared b\ the N-carbo\y anhvdrido method (p 136), the 
•'ituntion m regard to the globular proteins is kss clear It has been 
suggested that the a-hchx describes the intramolecular coiling of the 
mdiMdual peptide chains, hut the problem of the folding of such helices 

"U PaiilinR et al Ptoc hail Aead Sa , 37, 205 235,720 (1951), 30, 86 (1952) 
R L Mar h ct nl /Jioc/iim et Diophy^ Ada, 16, 1 (1955) 

I I’crutr A afurr, 167, 1053 (lOol) 
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The capacity of proteins to combine specifically with other substances 
IS one of their moat important biochemical properties Some of the 
compounds formed by the specific interaction of proteins with nonprotein 
organic materials are sufRcicntlv stable to be isolated from natural 
fluids and cell evtracts As noted on p 17, such compounds are termed 
“conjugated proteins,*’ and the non-ammo acid part of a conjugated 
protein IS denoted the “prosthetic group” It is ncll to recognize that 
the conjugated proteins isolated from biological sources represent one 
extreme of a general phenomenon At the other extreme are examples 
of conjugated proteins that readily dissociate into the protein and 
prosthetic group during isolation Such instances mil be seen in the 
discussion of enzyme action The stability of a conjugated protein 
depends on many factors the chemical structure of the protein and of 
the prosthetic group, the nature of tlie chemical bonds that join them, 
as well as the pH, ionic strength, and temperature of their environment 
The first stable conjugated proteins to be studied intensively viere 
those in which the prosthetic group is a coordination compound of a 
porphjnn (Greek 'por'phyra, purple) wiUi a metal ion The best knoiin 
example of the raetalloporphynn proteins are the iron-containing hemo- 
globins, whose systematic study was initiated m 1862 by Felix Hoppe- 
Seyler (1825-1895) Other important iron-porph> nn proteins were 
identified later, and it is now recognised that this class of conjugated 
proteins plays a significant role m the physiological activity of ncarlj 
all forms of life For a comprehensive discussion of these substances, 
see Lemberg and Legge,^ Wyman,* and Thcorell ^ 

The hemoglobins from the erythrocytes of most vertebrates have 

' R Lemberg and J W Legge, Hemattn Compounds and Bile P gments, Intcr- 
seicnce Publishers, New York, 1949 
* J Wjman, Jr, Advances tn Prolem Chem, 4, 407 (1918) 

Theorell, /Iduances tn Enzymol, 7, 265 (1917) 
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M = TW<i)p/n, ■nhcre V is the \olume of the unit cell (in milliliters), N is 
Avogadro’s number, w is the proportion bv weiglit of protein in the 
crjstal, p IS the density of the crjstal (m grams per milliliters), and n 
is the number of molecules per unit cell The \ alues for M obtained from 
crystallographic and densitj data, corrected for hjdration, are in good 
agreement ^ith the results of other methods^ If large crystals are 
a\ailable for X-ra> examination, the precision of this method for the 
determination of M is vcrj high 

M Bluhm and J C Kcndicw, Btockim ct Biophys Acta, 20, 502 (1956) 



164 GENERAL BIOCHEMISTRY 

34,000 and contains 2 iron atoms per protein molecule Some inverte- 
brates, such as the pol>chaete worms (eg, S'pirogra'phiB) contain iron- 
porphyrin proteins (chlorocruonns) of extremely high molecular weight 
(about 3,000,000) and a correspondingly large number of iron atoms 
(about 190) per protein unit Dilute solutions of the chlorocruonns are 
green, but concentiated solutions arc red 

There arc a number of other types of iron-porphyrm proteins that are 
chemically related to liemoglobin Among these are the myoglobins, 
present in muscle cells of vertebrates and invertebrates Like the hemo- 
globins, these proteins combine reversibly with molecular oxygen The 
myoglobin of horse heart has a molecular weight of about 17,000 and 
contains 1 iron atom per molecule Its isoelectric point is at pH 6 8 

A hemoglobin has been found in the root nodules of leguminous plants ® 
The formation of this pigment occurs only upon symbiosis between a 
nitrogen-fixing bacterium {Rhtzohxum) and the plant root (Chapter 28) 
When grown separately, neither biological form makes the pigment 
Hemoglobins have also been identified in molds and m yeast 

The cjtochromcs are iron-porphyrm proteins found in the cells of all 
aerobic organisms One of the c>tochromes (cytochrome c) has been 
purified extensively, its molecular weight is ca 13,000 and it contains 1 
atom of iron per molecule The catalases are iron-porphynn enzymes 
found largely m the tissues of animals and m some bacteria Several of 
the catalases have been obtained m a crjstallme state, they have a 
particle weight of about 225,000, and contain 4 iron atoms per unit 
Plants, which do not appear to contain appreciable amounts of the 
catalases, have iron-porphyrm enzymes named peroxidases The per- 
oxidase obtained from the horseradish has been crystallized, it has a 
molecular weight of 44,000 and contains 1 iron atom per molecule 
Peroxidases are also found in milk (lactopcroxidase) and in leucocytes 
(\erdoperoxidases) Crystalline lactopcroxidase has 1 iron atom per 
unit of 92,000 The biochemical properties of the cytochromes, catalases, 
and peroxidases will be discussed in Chapter 14. 

In all the conjugated proteins listed above, a characteristic protein is 
linked to a prosthetic group which is an iron-porphyrin Moreover, with 
a few exceptions (eg, the chlorocruonns), the nature of the prosthetic 
group IS the same for all these conjugated proteins The differences in 
the chemical nature and physiological role of the various iron-porphyrin 
proteins are associated with differences in the nature of the protein part 
and with the character of the linkages which bind the protein component 
to the prosthetic group 

OD Kcilm and Y L Wang, Nature, 155, 227 (1945) 

7D Keilm, Nature, 172, 390, 393 (19S3) 
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particle \\ eights near 68,000, find contain 4 iron atoms per unit particle 
weight Howe\er, a liemoglobin molecule docs not consist of 4 identical 
sub-units, since analjsis of sc^cral hemoglobins shows that the number 
of some ammo acid residues (per 68,000) is not a multiple of 4 The 
isoelectric points of the mamm ilian hemoglobins he in the range pH 0 7 
to 7 1 Thus norm tl liuman hemoglobin (hemoglobin A) lias an isoelectric 
point of 6 87, whereas the \alue is 709 for hemoglobin S, found in 
patients with the hcrcditar\ disease sicUc cell anemia, the difTcrcnce 
m electrophoretic bcha^ lor has been attributed to the replacement of a 
ghitam>l residue of hemoglobin A bj a \ahl residue in hemoglobin S 
Other abnormal human hemoglobin'? that have been identified bj electro- 
phoretic studies arc hemoglobins C, D, and E * Ictal human hemoglobin 
(F) al«o cxliibits a distinct electrophoretic mobilitj For the normal 
hemoglobins of different animals, and for the hemoglobins from the fetal 
and adult forms of the same animal, differences are ob5cr\ cd in ammo acid 
composition Icf ji 125 1 , nature of N-lcrminal ammo acid residues 
(cf p 143), ca'sc of dcnaturation, solubilitj, and crjstal form® The 
mnrKc<U> lower ‘•olubihh of hemoglolnn S, as compared to that of hemo- 
globin A, appear' to he rc5pon«ib!c for the abnormal elmpc of the cr> thro- 
cjtcs (“‘•ickic” or “oat” diapcd) in the \cnou8 blood from patients with 
sickle cell anunm fcmcc the «ame prosthetic group is present in the 
lanoiis vertebrate htmoglobins that have been cwmincd, the differences 
in the properties of the conjugited proteins must bo attributed to difTcr- 
cnces in the protein portion, tenned “globin ” Cleavage of a hemoglobin 
into its prosthetic group and globin is cITcclcd b> acid 

'Ihc ph) 'lological function of the vertebrate hemoglobins is to trans- 
port ow gen from tlic lung' to the tissues These proteins arc present in 
erv throev tc' in high concentration, the hemoglobin content of human 
red cells i' about 32 per cent, corrc-ponding to about 14 5 grams per 
100 ml of whole hlootl Thi' value mav be comp ircd with that for scrum 
nlhumin (ta 3 "t grams) or for the total scnim globulins (ca 3 1 grams) 
lh(ir high conecntrition confers on the heinoglohins an important role 
ns blood hufTtrs (Cliapter 36) 

lU'piratorv pigments siniilnr to the vertebrate lidnoglohins have been 
iiUntifud m man> invertehrito' Among the mvcrtchratc hemoglobins 
(ternud t n tlinu ruorms hv 'omc investigators) is tlic one found in 
hrvnc of the hor-e hotflv (Gosfroplulws) , it has a particle weight of 

^ II \ Itino 117, Sa (I0>3) L I’ftultntJ Ilnnc]/ Ijfcturcf 19, 210 

(laKV) \ M Inkrnii No/nr. , 170, 792 (19/,) , ino, 320 (1P,7) 

*1 T lltirlnri ntnl \ 1* Ilnmn 7/«« IhflfTrntttiliiin nuit nf Corrr- 

tfxin !iftg I'ruldUf aft I Othr 1 lOd Sjl,tfanrrs tn /‘rlatiou to /{inlofficnl Cla ^ificnliiin 
nr 1 OfQrntc 1 1 .ifulum 7 / r < ry t<i(f<>yrcipliy »»/ Cirorpir In'Ulution 

VVa hinRtnn 1009 
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34,000 and contains 2 iron atoms per protein molecule Some in\erte- 
biates, such as the polychacte ^orms (eg, Spirographis) contain iron- 
liorphyrin proteins (chlorocruorms) of extremely high molecular weight 
(about 3,000,000) and a correspondingly large number of iron atoms 
(about 190) per protein unit Dilute solutions of the chlorocruorms are 
green, but concentrated solutions arc red 
There are a number of other tjpes of iron-porphyrin proteins that are 
chemically related to hemoglobin Among these are the myoglobins, 
piesent m muscle cells of vertebrates and invertebrates Like the hemo- 
globins, these proteins combine revcrsiblj with molecular oxjgen The 
ra>oglobin of horse heart has a molecular weight of about 17,000 and 
contains 1 iron atom per molecule Its isoelectric point is at pH 6 8 
A hemoglobin has been found m the root nodules of leguminous plants ® 
The formation of this pigment ocems onl> upon symbiosis between a 
nitrogen-fixing bacterium iRhizobium) and the plant root (Chapter 28) 
When grown separately, neither biological form makes the pigment 
Hemoglobins have also been identified m molds and m yeast 
The cytochromes are iron-porphynn proteins found in the cells of all 
aerobic organisms One of the cytochromes (cytochrome c) has been 
purified cxtensi\ely, its molecular weight is ca 13,000 and it contains 1 
atom of iron per molecule The catalases arc iron-porphynn enzymes 
found largely in the tissues of animals and in some bacteria Se\eral of 
the catalases have been obtained in a crystalline state, they ha\e a 
particle weight of about 225,000, and contain 4 iron atoms per unit 
Plants, which do not appear to contain appreciable amounts of the 
catalases, have iron-porphyrin enzymes named peroxidases The per- 
oxidase obtained from tlic liorseradish has been crystallized, it has a 
molecular w'eight of 44,000 and contains 1 iron atom per molecule 
Peroxidases are also found in milk (lactoperoxidasc) and in leucocydes 
(\crdoperoxidases) Crystalline lactoperoxidase has 1 iron atom per 
unit of 92,000 The biochemical propeities of the cytochromes, catalases, 
and peroxidases will be discussed in Chapter 14 
In all the conjugated proteins listed abo\e, a characteristic protein is 
linked to a prosthetic group which is an iron-porphyrin Moreover, 'VMth 
a few exceptions (eg, the chlorocruorms), the nature of the prosthetic 
group IS the same for all these conjugated proteins The differences m 
the chemical nature and physiological role of the various iron-porphynn 
proteins are associated with differences in the nature of the protein part 
and with the character of the linkages which bind the protein component 
to the prosthetic group 

®D Keilm and Y L Wang, Nature, 155, 227 (1945) 
r D Keilm, Nature, 172, 390 393 (1953) 
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Heme and Related Compounds 

Tlic iron-iiorplij nn nucleus of the licraoglolnns is the ferrous comiiles 
of iirotoiTOtphj rin IX, nnd is culled heme (or protoheme) Consequenth , 
the conjuguted proteins contuming this prosthetic group ina\ be tcrincil 
heme proteins Protoporphj nn IX is a ineinher of a hrge group of 
sulislunccs that mat he considered deri'utises of the cuclic tctrupjrrole 
nucleus porphin, in nliich 4 pjrrole rings are linked lij incuns of nicthene 
bridges (iknoRda S in the acconipunj mg formula) The elucidation 


CHj CH = CH2 



CIliCOOH 

{MiiopeppVijnnlX 


of the structure of the por{)h\rinv i-? InrgeK the result of rcscarclics con- 
(luclttl h\ Ku-tcr mul li' 11(10= Ti^chtr tluniig the period 1910-1940 B\ 
chcmicd MiitfK-i>*, Fj^chor c-tihlivhcd the ton'itjtution not onh of 
protop(irph\ rm hut nl«o nf nnrl> all the other porpli\rin‘> thnt lind been 
hmud in n iturc In addition, he detennuud tiu* ‘'tructnro of nuinN of tlio 
cdiniKnind- ohtaimd \n cheimcU treatment of nituralli occurring por- 
|th\ nil's \n icrmint of I I'cherv nork nn\ he found in the renew h\ 
Corwin " 

The chdiucil forniuliK of the porp1i\rin= nrc cluirnctcrizcd h\ i largo 
iiuuihir of aUtrniting double bond'* in the jiorjihin nuclcu'- It mu=t he 
“tn-'id how(\ir, th it tin •■tnKture of proloporph\rm IX and of other 
porp!i\nns cinnol ht rcpn-tntcal icciirnttK h\ aii\ pirticuhr arringt- 
inint of tli( alttrniting douMt bond'-, the «ituation rc'-cinhli'' tint 
tnrounlond in a ‘•impUr form in the cn'-o of hcnzaie, for which scicrnl 
alt(rinti\( ‘‘tnicturd forimilie nu\ In. writtin A'- with Ixnztne, flit 

" \ II (orwm m II (filinm OfCfntr 2nd I>| \ol H ClnpUr IG 

Jt.hrj A Ntw ^ otk |on 
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34,000 and contains 2 iron atoms per protein molecule Some inverte- 
brates, such as the polychactc ivorms (eg, Spirographis) contain iron- 
porphjnn proteins (chlorocruonns) of extremely high molecular Vrcight 
(about 3,000,000) and a correspondingly large number of iron atoms 
(about 190) per protein unit Dilute solutions of the chlorocruonns are 
green, but concentiated solutions are red 
There are a number of other tjpes of iron-porphynn proteins that are 
cheraicallj related to hemoglobin Among these arc the myoglobins, 
present in muscle cells of \ertebrates and invertebrates Like the hemo- 
globins, these proteins combine rcvcrsiblj with molecular oxjgen The 
myoglobin of horse heart has a molecular weight of about 17,000 and 
contains 1 iron atom per molecule Its isoelectric point is at pH 6 8 
A hemoglobin has been found m the root noduks of leguminous plants® 
The formation of this pigment occurs onl> upon sjmbiosis between a 
nitrogen-fixing bacterium (Rhizobium) and the plant root (Chapter 28) 
When grown separatelj, neither biological form makes the pigment 
Hemoglobins ha\e also been identified in molds and in yeast’ 

The cytochromes arc iron-porphyrm proteins found m the cells of all 
aerobic organisms One of the cytochromes (c>tochrorae c) has been 
purified c\tensi\cly, its molecular weight is ca 13,000 and it contains 1 
atom of iron per molecule The catalases are iron-porphyrm enzymes 
found largely in the tissues of animals and in some bacteria Sc^eral of 
the catalases have been obtained in a costallinc state, they have a 
particle weight of about 225,000, and contain 4 iron atoms per unit 
Plants, which do not appear to contain appreciable amounts of the 
catalases, have iron-porph>nn enzymes named peroxidases The per- 
oxidase obtained from the horseradish has been crystallized, it has a 
molecular weight of 44,000 and contains 1 iron atom per molecule 
Peroxidases are also found m milk (lactopcroxidase) and in leucocytes 
(\ crdopcroxidases) Crystalline lactopcroxidase has 1 iron atom per 

unit of 92,000 The biochemical properties of the cytochromes, catalases, 
and peroxidases will be discussed in Chapter 14 
In all the conjugated proteins listed abo\e, a characteristic protein is 
linked to a prosthetic group which is an iron-porph>rm Moreo\er, with 
a few exceptions (tg, the chlorocruonns), the nature of the prosthetic 
group IS the same for all these conjugated proteins The differences m 
the chemical nature and physiological role of the various iron-porphj rin 
proteins are associated with differences m the nature of the protein part 
and with the character of the linkages which bind the protein component 
to the prosthetic group 

6D ICeilin and Y L Wang, Nature, 155, 227 (1945) 

7 D Keibn, Nature, 172, 390, 393 (1953) 
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porphyrins arc said to be “resonance hybrids”, a consequence of this 
property is the uncertainty in the assignment of the 2 hydrogen atoms 
attached to pyrrole nitrogens Although an arbitrary assignment is made, 
it should be remembered that the nitrogen atoms of all 4 pyrrole rings 
are essentially equivalent in their chemical behavior 
The man> porphyrins that have been found in biological systems, or 
made artificiallj , differ from protoporphyrin in the nature and arrange- 
ment of the side-chain groups attached to carbon atoms 1 to 8 of the 
porphin nucleus For con\cnience, the porphin nucleus may be repre- 
sented in a simplified form as shown Protoporphyrin IX is one of 15 


1 2 



6 6 


possible isomers that differ in the arrangement of the 8 groups (2 vinyl, 
4 methyl, 2 propionic acid) attached to the porphin ring If the 2 
vinyl groups of protoporphyrin IX arc hydrogenated to ethyl groups, 
the product is mesoporphynn IX, which is also one of 15 possible struc- 
tural isomers Tlie simplest of the porphyrins obtained upon chemical 
modification of protoporphyrin (or mesoporphynn) is etioporphyrm, 
which has 4 methyl groups and 4 ethyl groups m positions 1 to 8 of the 
porphin ring Four isomeric forms of etioporphyrm are possible, depend- 
ing on the arrangements of these groups, and the isomer obtained from 
protoporphyrin IX is etioporphyrm III Another porphyrin derived 
from protoporphyrin IX is hematoporphynn IX, in which the 2 vinyl 
groups have been converted to hydro'^ethyl ( — CHOH — CH3) groups 


CHjJ 

-r-CH; 

ch,-L 

J-CH. 

1 

CH, 

1 1 CH. 

1 

CH, CHj 

COOH 

1 

CH^COOH 


CHj-r 


1 



-J-CH2 

1 

CH3 

1 — 

H CH3 

CH3 ’ 


CHj 



Mcsopoiphynn IX 


Etiopotphyna m 


Among the naturally occurring porphynns, other than protoporphyrin, 
IS one found m the respiratory pigment of Spirographis, which differs 
from protoporphyrin IX in that the vinyl group m 2 position is replaced 
by a formyl ( — CHO) group Yeast contains a porphyrm that has 4 
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Memo and Related Compounds 

riic l^on-porplI^nn nucku« of thi lRiiio}:Ioi)in‘« tlic fcrrou- coinpIt\ 
of protoporphvnu I\, and called hcnic (or protolicinc) Con-irpicntlN , 
tilt coiijuKitcd protein- containing tin- pro-tiietic group ma^ be termed 
iicmc prottin*! Protoporplnrm I\ i- a incinhcr of a large group of 
-uh-tance- that nia\ ht con-iderid dtri^alnt- of the c\clic tetrap\rrole 
nurku- porplun, in which 4 p\rrolc ring** art linked h> mean- of metbenc 
bridges (denoteda /3,v,5inthe icconipanMiig formula) The elucidation 


atj ch=ch 2 



CHiCOOH 

Pr«/>r«r) Vjnti IX 



of the -tructun oi the porphjrin- i« large h flu rc-ult of re-carchc- con- 
e!iirt(dh\ Ku-ter md b\ Ilan^ I i-elu r during the period 1910-1010 11} 
elmnird -Mith(»i-, hi*cher <*tabli-h(«l the con-titiition not nnl\ of 
prnto]>orp\i%rin but nl-o of in uh all tin otbir pnrpbann- that bad been 
fiiuijfl in n iture In nldilion be elite nmneej tin strurtun of man\ of the 
ruiniMtund- nbf uned b\ chemird trt itimnt <»f naturilk oreurnng por- 
pherm- \n irunint of Ii-rher- work m i\ lx feanal m the riMtw b\ 
( orujn • 

11m clMimr il f(i»-mulat of tin jwiriditrin- are rb ir irte rirnl b\ a I irge 
rimnlKr «'f altcrn itm^. elmiblc bond- m the |><»rpJim nurleu- It mu-t he 
-trt eil hvwiMr that the -tnirtun of pTeitojxirpliN rm 1\ and of otlur 
perphr rm- r mnot be reprt elite el irrurnteK b\ in\ p irtinil ir irrirvi- 
ni< at of lilt nkeriMtm,. elotibh iKind-, the •itnitiim n-eiohh- that 
• iiriMmtt m n -imph r f«»rm in tin r i-e of In ore m , for which -e \t ra! 
ftlte rn ktue ftrnrturd formuht luia Im written \- with Imh/'Oc, the 
• \ n ('/iiin ii If e.i' nn O f 1 n (Ta.Or IC 

J>’a V\»’ t t *i Nf« ^(fk r»n 
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COOH 

COOH I 

I, OH, CH,CH,COOH 

CHo 



COOH 

COOH ™^CHXH,COOH 



Uroporphynn I Uroporphynn III 

bohc degradation of porphyrins by the oxidation of one of the methene 
bridges, folloived by further modification of the tetrapyrrole molecule 
(Chapter 34) Linear tctrapjrroles related to the bile pigments are 
Imked to a globuhn*like protein m the phycobilms Such metal-free 
conjugated proteins are found in the red algae, where the red phycoeryth- 
nns predominate, and m the blue-green algae, which contain the blue 
phycocyanms Some of the phycobilms have been obtained m crystalline 
form and have particle weights near 276,000 
Vitamin which plays an important role in the control of anemia, 
has been shown to be a coordination compound of cobalt with a porphyrin 
derivative (Chapter 39) Another substance structurallj related to the 
porphyrins is the red pigment prodigiosm, produced by Bacillus prodi- 
gtosus (now termed Serratia marcescens) 



H 

Prodigiosin 


In the study of the porphyrins, and of related compounds, advantage 
is taken of their characteristic absorption spectra Because of the 
extensive conjugation of unsaturated linkages, the porphyrins have 
striking absorption bands in both the visible and the ultraviolet regions 
of the spectrum For example, a solution of coproporphynn in hydro- 
chloric acid gives the absorption curve shown m Fig 1 It will be seen 
that there is an absorption band near 400 m/t, this is characteristic of 
the porphin ring and is noted for all porphyrins, regardless of their side 
chains It is usually termed the Soret band In addition there are two 
weaker bands, with maxima at 548 and 591 m/A, which may be seen as 
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lIfm»t»porj>hyni» IX 


mctlul proup's nnd 4 propionic icid group*? ns «!i(lc clmn*!, nml i« mined 
coprojiorplijrin Of the four po-'iblc i«onicrs of tlii* porphxnn, the one 
present in i« ile^iprifttcd coproporph\rin I, it i*? the cliief porpli\nn 
found in liunnn fecc" (Greek / opro^, dung) \notlier mturnlK occurring 
porphjrin is tlmt found is t red copper coinple\ (turicin) in the. feithcrfi 
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of certiin bird- (Ttirnro corttlfimx) , Ihi® j« uroporjdii rni III nn<l hi" 4 
profiKinic jicid nrul I intir ind ( — ( fl.COOin ‘>nlt ciminv in (lie po'*!- 
tion* iiulir itn! I In" i>orplii nn (<*pitlHr willj tin i‘‘Oimric uroiiorpliinn 
I nrrur-* in tin urim of pitirnts rufTinug from 'i di'-ordir of jiorphirin 
tmtdioli-m kiumn n* porphim ((InpUrdl) ‘'null 'ininunt‘« of por- 
p!i\nn n! o hi\e Imn nlintifiul in nonnn) liminn urine* Hicinl uork 
on tin ‘^<j)ir\lion ind nh ntifintion of poridiinn^ pri-int in hiologicil 
nntrrnN hi* Ihi n fiirtlu re<l III tin u-i of rlirnnutopr iphie and counter* 
cirrtrt di^trihutinn tielinKpic* 

III* po•■p*l^^n•^ nn do rl> rtlit<«l ‘trurtur’illv to tiu hih pipinent*- 
!h‘ < ‘uh'tnin'in hi nr t* 'mpirrolc mmjxain'N fonne-*! in tin. ini 1 1 - 

* \ < . ftW.. ITT (I'M) 

J I I 4'.. /. 1' \!i ! in 2II (I*UI> (, s-kI fl* J I II, ^ , a j y /„ / 
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Uroporphynn I Uroporphynn III 

bohc degradation of porphyrins by the oxidation of one of the methene 
bridges, followed by further modification of the tetrapjrrole molecule 
(Chapter 34) Linear tetrapyrroles related to the bile pigments are 
linked to a globulin-like protein in the phycobilins Such raetal-free 
conjugated proteins are found m the red algae, \\here the red phycoeryth- 
rins predominate, and in the blue-green algae, which contain the blue 
phycocyanms Some of the phycobilins have been obtained in crystalline 
form and have particle wei^ts near 275,000 
Vitamin B 12 , which plays an important role in the control of anemia, 
has been shown to be a coordination compound of cobalt with a porphyrin 
derivative (Chapter 39) Another substance structurally related to the 
porphyrins is the red pigment prodigiosin, produced by Bacillus prodi- 
giosus (now termed Serratia marcescens) 



ProdiKiosin 

In the study of the porphyrins, and of related compounds, advantage 
IS taken of their characteristic absorption spectra Because of the 
extensne conjugation of unsaturated linkages, the porphyrins have 
striking absorption bands m both the visible and the ultraviolet regions 
of the spectrum For example, a solution of coproporphyrin m hydro- 
chloric acid gi\es the absorption curve shown in Fig 1 It will be seen 
that there is an absorption band near 400 mfi, this is characteristic of 
the porphin ring and is noted for all porphyrins, regardless of their side 
chains It is usually termed the Soret band In addition there are two 
weaker bands, with maxima at 548 and 591 mp, which may be seen as 
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(hrk ‘‘tripc« if one looks it i coproporplnrm solution tlirough a 
‘•ptrtro'Cnpc uith ‘^nnll di-'pcr-ion, ‘such a*' the IIirtrulRL re\cr-ion “spcc- 
tro'rojic file po-itinn^ of tlic -e\cril ib'^orption ni i\inn ire, in pcneril, 
eh irictcri‘‘tic for cicli of the porph\ rin-, and ire tlitrcforc useful for their 
idintific ition ind for the ripid oh‘-tr\'ition of rt iction^ in which porph\ - 
nil'' nnN pirticipito flu ih'orption 


h iikI" of heme coinpounrl-* are mi irp 
null at low temper dure'' (—50® to 
—200® C), thu'' permitting more pre- 
cise definition of the diMirption 
in i\nna ” 

It wa'' noted < irher tint i Iirgt 
group of mturilK occurring eonjii- 
g deti protein- h ue ui iron-porph\rin 
mu leu- i- the pni-thetic group I he 
gre it teiul(m\ of porphsrm- to fonn 
coni|)lt\e- with metnl Ion^ i^ one 
of their ino-t clmr'ietcri-tic proper- 
tie- The imld ion i- iKumd to 
the nitrogen atom- of the pNrnilc 
ring', niul \-ri\ aniK-i- of the cop- 
per complex of plitlnlocN mine (clo«eK 
rel'ited to the porpli\rin-) In- -liown 
that the inetil ion i- locitenl m the 
cinterof i pi in ir ^tructuro (p 170) 
The porpliNrin (*f luinoglohm, pro- 
toporph\riii liKi other porplixriii- 
fonn- nulillic rompIiM- not onl\ i 
iniivniu'i ningm-iuii) an<l rmc loir 
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fig 1 Ah orption •'prrtnim of coj>- 
nn»ori)!)j rm 1 in 0 15 \ hMlrnHilorir 
HM<I llroml M Jopo ami J It I’ 
OPron liiurhrm 7, 39, 230 ( lOtl) 1 

ith iron hut d-o with copjur, 
The rcanpltx formed between 


protoporplivrin mid ferrou- ion- U'e-^) i- ternml heme (-nmetimc- il-o 
'ImIImI humi or protohiine \\hcn i pt»rph\rin roinhine- with a inetil 
ion it- ah'<»rplion -jnetniin in tlie M-ihle region rlnn„e- riiu- proto- 
porj'h\rm in alkahiu -ohition -liow- -e\eri! -h irp nh-orptiori Iniul- 
Mfl’j »'ll ’>10in^it where 1- helm h 1- a hro id h iml w ith 1 plate 111 from 
'»10 to '»V) iii/i H«nu nn> l« ovidizeel to the feme fonn (I ) , tin- 


I' ell rn- etl on i» I7S 

H« tm mid otiur ferr«>u- mniplexe- of jKirjilnrm- re idiK reirt with 
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It IS customary to designate the band lying at the longer wave length 
the a-band, and the other the ^-band For example, pyridine ferroproto- 
porphyrin has its o-band at 558 mii, and its /3-band at 525 In the 
formation of a hemochromogen, 2 molecules of a base are bound to 
the iron of the ferrous porphjrm No more than 2 molecules of a 



CHjCOOH 


CoptwY phlhilocytnine Ferroui protoporpKynn (heme) 

nitrogenous base can be accepted since the coordination number of iron 
IS 6, and 4 of the 6 valences are satisfied by the linkagts between the 
ferrous iron and the nitrogen atoms of the pyrrole rings 

The properties of heme and its denvatnes arc related to the electronic 
state of the iron atom in these compounds The ferrous ion has 24 
extranuclear electrons, of which 18 form an argon core The remaining 
6 electrons arc in the outermost (iV) shell, and normally can occupy fi\e 
3d orbitals of this shell No more than 2 electrons can occupj an orbital, 
^hen electrons are paired in this manner, their spins are opposed If an 
electron is unpaired, its unopposed spin confers a permanent magnetic 
moment on the molecule, and the molecule is attracted b> an external 
magnetic field, i e , it is paramagnetic If all the electrons in a molecule 
are paired, the substance is said to be diamagnetic, and is repelled b} 
an external magnetic field ** The magnetic moment of substances is 
determined by the measurement of their magnetic susceptibility, defined 
as the ratio of the intensity of magnetization (/) of the material under 
study to the intensity of the field (H) The susceptibility per gram mole 
(xw) equals MI/Hp {^T is the molecular tv eight, p is the density), and 
represents the sum of the diamagnetic susceptibilitj (Ntx) and of the 
paramagnetic susceptibility (AVbVSI-T), where K is Avogadro’s number, 
P-n is the magnetic moment (in Bohr magnetons), K is the Boltzmann 

i-P \\ Selwood, ^fagnetochemt$irv, 2od Ed , Icte'sciecc^ Ner' ^ or?, 

1936 
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dark stnpcs if one looks at a coproporplij nn solution through a Msual 
cpectro'copc ^ith small disperMon, such as> the Hartridge rc\crsion spec- 
troscope The positions of the sc\cral absorption maxima are, in general, 
characteristic for each of the porjihjrins, and are therefore useful for their 
identification and for the rapid obseiaation of reactions in nhich porpli}- 
nns maa participate The absorption 
l>ands of heme compounda arc sharp- 
ened at low temjicratures (—50® to 
—200° C), thua permitting more pre- 
ci-e definition of the ah-orption 
maxima ” 

It was noted eirlier that a large 
group of naturailj occurring conju- 
gated protein- hp\e an iron-porph\rin 
nucleus as the prosthetic group Tht 
great tendcnca of porph3rin« to fonn 
complexes with metal ions is one 
of their most characteristic proper- 
ties The metal ion i« bound to 
the nitrogen ntoin«i of the parrolc 
rings, and X-ra\ anal^sl‘^ of the cop- 
per complex of plithalocN anme (close)} 
related to tlie porphjnii^) hn- shown 
that the metal ion i« located in the 
center of a planar structure (p 170) 

The porph^^l^ of licmoglobm, pro- 
toporph\rin like other porph\rin«, 

form* met dlic complexes not oiiK with iron, but al«o with copper, 
mangant‘-c, nugnc-iuin, and zinc ion* Tht complex formed between 
protoporph\nn and ferrou* ion* (Fc-+) i« termed licmc (sometime* al-o 
‘•ptllcd haem) or protohcinc When a porplixrm combine* with a metal 
ion, it- ah-oridion ‘•ptctnim in the M-iblc region change* Thus proto- 
porph\rm in alkaline 'olulion ‘•liowv -cacral ^lurp ah*orption band* 
ibVy, *>91, 5-10 in^x), wlierca* hemt h i* n broatl band with a plateau from 
'>40 to ">50 ni/i Ilemc Ina^ be oxidizctl to (he ferric form (rc***^) , this 
1 - di-cu— cil on p ITS 

Heim md other ferrou* complexc- of porIl!l^ rins readiK react with 
hi-(--iich i- prim in mime- paridiiic, immonia, imidazole compound* 
(eg, hi'tidmc), and h\drazinc to fonn hemochromogen- (al-o termed 
liimorlironu*) Hjp hemochromogen* ire charactenzctl h^ i t\pical 
iwo-handeal -{Mctnim in the M-iblc region, in addition to the ‘Jorct band 
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Absorption sptctrum of cop- 
roporph\rm I in 015 A hjdrochlonc 
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OBrnn Uiochcm J 39, 230 (1915)1 
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for heme, which has a magnetic susceptibility corresponding to 4 unpaired 
electrons In heme, therefore, the ferrous ion is bound to the p\rrolG 
nitrogens by ionic bonds i\ith the displacement of 2 protons from the 
porphyrin, as shown The two negatne charges on the porphjnn raa) be 
considered to be equally distributed by resonance among the nitrogen 
atoms of the 4 pyrrole imgs The change in electronic structure that 


H2O 

N tk- 

/ Fe*+ ) 


H2O 


-N“ 


NHR 



NHR 


Hjie 


Hnsochreao;*^ 


occurs when heme reacts with 2 molecules of a base to form a herao- 
chromogen is accompanied b} an alteration m the absorption spectrum 
(Table 1) The 2 molecules of base (NHR) m the hcmochromogens are 
symmetrically located on either side of the plane of the 4 pyrrole nitro- 
gens and of the iron atom In ferrous porphyrins such as heme, 2 
similarly located molecules of water are bclie\cd to be bound loosely to 
the iron atom, thus satisfying all 6 coordination valences 


Table I Types of Bonding in Home Derivatives 


Bond Type 

Eximplc 

Color 

Abborption 

Bands 

Number of 
Unpaired 
Electrons 

Fprrous ionic 

Heme 

Purplish 

One broad band 

4 

Ferrous co\ alent 

Hemoglobin 

Hemochromogeob 

Bright 

in green 

Two bands in 

0 

Ferric ionic 

Ovy hemoglobin 
CO-hemoglobin 
Methemoglobm 

Brownish 

green 

One band in red 

S-5 

Feme covalent 

Cy anidc-met- 

red 

Red 

One broad or 

1 


hemoglobm 

Fernhemoebro- 

mogens 


two narrow 
bands m green 



Properties of Hemoglobin^^ 

The combination of lierae with denatured globm leads to the formation 
of globm hcmochromogen with absorption bands at 589 m;* (a-band) 
and 528 (/3'band) On tl»c other hand, nati%c hemoglobins show 

one broad band with a maximum near 559 m^ Also, whereas globm 

J 11 Roughtoa dad J C Keadeen, Hatxtxa^lobtn, Buttenyortha Scjcntific 
Publications, London, 1949 
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constant, and T is the absolute temperature After correction for the 
relatnelj small negative contribution of Na, one maj estimate the per- 
manent magnetic moment fin, ivhich is related to the number of unpaired 
electrons (n) by the equation = {n(n + 2)]^ The calculated mag- 
netic moment (in Bohr magnetons) for several values of n are as folloi^s 
n = 0, 0, n - 1, 1 73, n = 2, 2 83, n = 3, 3 88, n = 4, 4 90, n-5, 5 92 
This approach has given important information about the electronic 
structure of iron compounds, for example, the hydrated ferrous ion. 
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rig 3 Orbital distribution of 3d electrons m iron atom of ferrous (6 electrons) 
•rnd of ferric (S electrons) compounds The bracketed orbitals are occupied bj 6 
pairs of electrons donated bj the atoms to which the iron atom is bound by covalent 
linkage 

[FefHoOlc]”'^, has a magnetic moment of 4 90, corresponding to 4 
unpaired electrons This indicates that the six 3d electrons of iron are 
distributed among the 5 orbitals in such a manner that there is an elec- 
tron pair in one orbital and 4 unpaired electrons in the other 4 orbitals 

In its chemical reactions, the iron atom maj accept electrons into its 
cxtranuclcar core until a total of 36 electrons (corresponding to krjpton) 
IS present If 12 electrons arc added m this way to Fe2+, the six 3d 
electrons of iron occupj 3 orbitals, and, m addition to the 2 other 3d orbit- 
als, 4 orbitals of the N shell (one 4s, three 4p) are available for the 6 
pairs of electrons added (cf Fig 2) Such covalent bonding is denoted 
bj the sjmbol d-sp^, and since all the electrons arc paired (n = 0), the 
substance will be diamagnetic This is the result found for the hemo- 
chromogens and for substances such as the fcrrocjanide ion,Fe(CN)o'^“ 
On the otlicr Imnd, if the bonding of the iron atom is not cov alent, but 
ionic, the magnetic moment of rc2+ is retained This is the result found 

13 L Piiilmg and C D Corvell, Proe Natl Acad Sex, 22, 159, 210 (1936) 
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tion may be ^vntten 
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Mb + 02^Mb02 


The equilibrium constant of the reaction is 
y, IMbOsl 
IMbKOil 


Since the concentration of Oo is proportional to the partial pressure of 
the gas iHcnrj’s la\\) , the term for concentration of Oo may be replaced 
b> PO2 Therefore, 


(MbOal 

{Mbl 


/v X PO2 


This final relationship is usually termed Hufner's c(\uation, if one plots 
the per cent of the total protein converted to MbOo (“per cent satura- 
tion”) against pOn, the curve should have the form of a rectangular 



Fig 3 Oxjgen dissociation curves of mjoglobm (A) and of hemoglobin (B) 

hyperbola (Fig 3) Such data may be obtained by equilibration of a 
solution of myoglobin with a gas phase lia\ing a known partial pressure 
of oxygen, followed by analytical determination of O2 in the gas and 
liquid phases Correction must be made for the di'^solved O3 not bound 
as ^Ib02 Theorell and others have shown that the combination of 
my oglobm with oxy gen does in fact bchav e m accord w ith Hufner s 
equation^® Also, Keihn and Wang have found that the hemoglobin of 
Gastrophilus (which contains 2 hemes per protein molecule) giies 
oxygenation data that fit this curve 
The oxygenation curves given by the hemoglobins (Hb) from human 
and other vertebrate blood, however, usually differ from the theoretical 
A Millikan, Pftj/siol fiew, 19, 503 0939) 
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hemochromogcn is dnmagnetic, the mamm'ilian hemoglobins are para- 
magnetic and exhibit a magnetic susceptibility of 5 4 Bohr magnetons 
per gram mole of iron These differences m properties show that the 
mode of linkage between heme and piotein is not the same in natne 
hemoglobin and m globin hemochromogen The nature of the ammo 
acid groups in natne globin tint are inxoivcd in its linkage to heme has 
not been established, however, cxidence has been offered in favor of the 
view that thej include imidazoljl groups of histidine side chains 

The physiological importance of hemoglobin lies in its ability to com- 
bine reversibly with oxygen, and thus act as a transport agent for this gas 
from the air to the tissues of animals This property of combining 
with O 2 IS shared by the myoglobins and the invertebrate hemoglobins, 
in all these respiratory pigments the iron must be in the ferrous state to 
combine with Oj, and it remains in the ferrous state in the oxygenated 
compounds On a stoichiometric basis, 1 gram of iron may be e\pected to 
combine with 400 9 ml of O 2 (at 0® C and 760 mm) , the measurements of 
Peters in 1912 gave v vlues for ox and sheep blood in fair agreement with 
this figure 

When hemoglobin becomes oxygenated, its spectrum changes, and the 
broad band with a maximum near 559 m/t is replaced by two bands at 
578 mja and 543 The product (oxyhemoglobin) is diamagnetic, 
indicating covalent bonding of the iron atom Since both hemoglobin 



Oxyhemoglobin 


and Oo are paramagnetic substances, their combination to form oxyhemo- 
globin involves a change in the electronic structure of both The mode 
of linkage may be written as shown, the ferrous iron is bound to the 
globin (possibly through an imidazolyl group of a histidine residue) and 
to ox-y gen On oxy genation, the isoelectric point of hemoglobin is shifted , 
with horse hemoglobin, the change is from pH 6 81 to 6 70 The increased 
acidity of oxyhemoglobin is of importance in the regulation of the pH 
of mammalian blood (Chapter 36) 

In considering the equilibrium established in the oxygenation reaction, 
It may be convenient to examine first the behavior of myoglobin (Mb), 
which contains 1 iron atom per protein molecule The product of the 
oxygenation of myoglobin is termed oxy myoglobin (MbOo), and the reac- 

J-'J Barcroft Ihc Respiratory huncLion of the Blood, Part II, Cambridge Uni- 
versity Press London, 192S, A Kedficid, Quart Rev Bxol, 8, 31 (1933) 
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Mefhemogiobin and Related Compounds 

In all the reactions of the heme proteins considered thus far, tiie iron 
^as in the fenous state Like Fe2+ itself, the ferrous iron in hemoglobin 
ma> be oxidired to the ferric state (Fc‘*+) by treatment with agents 
such as ferricj anidc Tlic resulting product is usually termed methemo- 
globm, other names assigned to it arc iiemiglobm and fernhemoglobin 
Metliemoglobin is broun in solution and has an absorption band iiuth a 
maximum at 634 m;* In normal human blood approximately 2 per cent 
of the total hemoglobin is methcmoglobm, which docs not combine with 
Oo , its apjiearance in appreciable quantities in human blood (methemo- 
globinemia) IS an indication of disease A number of drugs (acetyl- 
salicjhc acid, sulfonamides) cause methemoglobinemia Metliemoglobin 
carries a positnc cliargc, therefore, at alkaline pH values, it is converted 
to the hjclroxidc The uon-porph>rm compound which conesponds to 
methcmoglobm is feme protoporphyrin (fernheme, hematin), whose 
chloride is known as hcmin Crystals of hcmin arc formed upon the 


Olobin— ‘-Fcr— OH 

n' 'N“ 

M«lh«moglobin hjdroxtie 


N ^ ^N" 

H20--7Fc^--C1 

N ^ N“ 

Htmin 


treatment of hemoglobin with acetic acid and sodium clilorido at an 
clesatcd temperature This reaction was discovered by Teiciimann in 
1853, and has long served in legal medicine as aid in the identification 
of blood Compounds analogous to hcmin may be formed from iron- 
porph>nDs otlier than heme, for example, Spirographis hemm has also 
been obtained as a crystalline substance 
If hcmin IS dissoh ed m alkali, n hydroxyl ion replaces the chloride ion 
in the fernpoiphynn complex, and the product is alkaline hematm 
(absorption maximum at about 585 in/* in borate buffer, pH 10) On 
acidification of a solution of alkaline hcraatin, this substance is changed 
into a slightly different coordination compound (“acid licmatm’’), whose 
structure is not dcfimtclj established Hematin combines with cyanide 
m alkaline solution, and the CN" ions replace the OH" ions in the 
complex In an analogous manner, methcmoglobm, in alkaline solution, 
can combine with ejamde ions Other ions that can combine with 
mcthemoglobm art fluondc, sulfide, and azide Reduction of methemo- 
globin by Nn 2 S 204 gives hemoglobin Anson and Mirsky were able 
to 'Tcsyntiicsizc" hemoglobin by combining alkaline hematin with native 
globm to giv e methcmoglobm, which was then converted to hemoglobin 
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mass action cunc in that thej arc approximatelj sigmoid in shape, these 
cur\cs ma> be described bj the equation 
[Hb02l 
IHbl 


^ = K X (pOa)" 


uhere the magnitude of n detennmes the extent to i\hich the hjperbolic 
cur\e (n = 1) is conaerted into a sigmoid curve (Fig 3) When [Hb02] 
is expressed as the per cent saturation (i/), [Hb] is 100 — y, then, if x 
IS the pressure of oxjgen, 

y ^ /vj" 

100 1 + 


The last equation is usuallj referred to as Hill’s equation, and, for the 
sigmoid cur\c (for human blood) draun in Fig 3, n = 2 5 The fact that 
n IS greater than 1 niaj be taken as c\idence that the 4 hemes of hemo- 
globin are not acting independcntlj of one another m the o\>genation 
reaction Indeed, studies of the rates of oxjgenation and deo\>genation 
of mammalian hemoglobins ha\c demonstrated that tlicsc processes occur 
m a step^^lse manner*’ Measurements of the equihbrmm constants 


Hb4 ^ Hb^Oa :?=±: Hb404 HbiOo Hb408 

-Oj -o, -Ot -Ot 

for the indiMdual steps indicate that, uhercas m the first three steps 
deoxjgonation is faxored, the equilibrium m the last step faxors ox>gcna- 
tion The relatixe magnitude of these equilibrium constants ma} be 
expected to xarj uitb different xertebrnte hemoglobins, since hemo- 
globins of xarious species differ grcatlj m their affinitj for oxjgen 
(Fig 41 

It uill be noted from Fig 3 that, at the xenous pressure of oxjgen, 
oxjmjoglobm is less dis'ociatcd than oxx hemoglobin is This higher 
nfilnit> of mxoglobin for oxjgcn is of phjfciological significance, because 
it facilitates the tran'^fer of oxjgcn from o\j hemoglobin to the ‘■itcs of 
oxidation in the mu^clc cell 

The rate of the reaction bctuccn hemoglobin and oxx gen is cxtremclj 
npnP'* At pO. “ 75 mm, dissohcil Iicnioglobm from the adult sheep 
is 50 per cent conxerted to llbO- in about 0 004 sec In the intact 
crxthrocjte the corresponding ‘inlf-timc” is 0 05 sec The dissociation 
of IlhOj is eonieuhnt sloncr, at pH 68 the half-time xaliics are 0034 
sec for di<*solxcd llbOs, and 021 sec for IlbOo in the «heep crxthrocxtes 
An important aspect of the di<>sociation of HbOs is tint, as the CO-. 
tenMon i^ mcroiscd, uith an nccompnnx mg decrease m /iH, the oxxgcn- 
binding capacitx of lienioglobin at a gixcn oxjgcn tension is decreased 

F J \\ Koiifililon ot nl /V«f /?oy Soc llin^ 29 (1955) 

*■*11 HarlrKlKo and 1 J U ItouKhton J Phynol , 62, 232 (1927) 
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conjugated proteins function center about the iron atom Ke\crthelcss, 
the biological effect exerted by each type of heme protein is different 
The distinctn e nature of each reaction must be ascribed, therefore, to the 
specific structure of the protein portion and to the mode of attachment 
of the protein to the prosthetic group 


Other Metailoproteins 

In addition to the iron-porphynn proteins (hemoglobins, myoglobins, 
chlorocruorins) that ser\e as oxjgcn transport agents, there are two 
other t>pes of respiratory proteins, the Iiemocyanins and the heme- 
rjthrms, which contain a metal but no porphyrin The Iiemocyanins 
are copper proteins found in solution in the blood of im ertebrates classi- 
fied as cephalopods, mollusLs, and crustacca (these include crabs, lobsters, 
snails, squid, and octopuses) -- The oxygenated form of the hemo- 
cyamns is blue (Greek Kyanas, a dark-blue substance), whereas the 
nonoxy genated form is colorless The dissociation cur\ es of the oxy hemo- 
cyanins are similar to those of the hemoglobins In oxyhcmocyanin, 1 
molecule of O 2 is present per 2 atoms of copper, and it has been reported 
that one-half of the copper is in the cuprous (Cu+) form, and one-half 
m the cupnc (Cu-+) form-* Tlie oxygen molecule appears to be re- 
duced by a cuprous ion to form the form probably bound by 
hemocy anin 

The heraocyanms that ha\e been crystallized and studied with respect 
to their molecular size are extremely large particles at pH \alues 5 to 7 
In this pH range, for example, the hcmocynnm of Helix pomatia (a snai!) 
has a sedimentation constant of s^o = 100 S, corresponding to a particle 
weight of about 6,000,000 (cf p 42) At pH \alues below 4, however, 
the SoQ = 60 S, corresponding to half-parlicles, at pH xalues abo%e 8, 
Soo =- 20 S, corresponding to onc-cighlh the original size This indicates 
extensne dissociation of the protein In addition, dissociation of certain 
Iiemocyanins may be effected at pH 5 2 if salt is present 

The manner in which the copper of hemocyamn is bound to the protein 
IS not clear, it has been suggested that the copper is bound to sulfur 
atoms of the protein Thus far, no con\ incing e\ndence has been pro\ ided 
for the presence of an organic prosthetic group linked by the metai to 
the protein in the way that iron links protoporphyrin IX to a protein 
in the heme proteins 

Whatever the mode of linkage of the copper in the heraocyanms, it 

"AC Rcdfield Bwl Bets, 9, 176 (1934), C R Dawson and F MallettP 
Advances m Prole\n Chcvi , 2, 179 (1915) 

231 M Klotz and T A Klotr, Science, 121, 477, 122, 559 (1955) 
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In methemoglobin and m heram, the ferric ion is linked bj ionic bonds, 
as shoivn by a magnetic moment corresponding to 5 unpaired electrons 
(cf p 171) On oxidation of Fe2+ to Fe'*+, one of the 6 outer electrons 
IS lost, and the remainder distribute themsehes among the fi\e 3d 
orbitals On the other hand, cyanide methemoglobin has a magnetic 
moment that is close to the \alue for one unpaired electron, indicating 
that tv,o 3d orbitals are in\oKed in covalent bond formation Appar- 
ent!) , in methemoglobin hydroxide, onlj one 3d orbital participates in 
covalent bonding, since the magnetic moment of this substance corre- 
sponds to 3 unpaired electrons ^ The relationship of the electronic 
structure of fernUeme derivatives to their color is summarized in. Table 1 

As uill be seen in Chapter 14, the catalases and peroxidases are fern- 
heme proteins, in uhich the prosthetic group is the same as that of 
methemoglobin, but the specific proteins and the mode of their linkage 
to ferriherae are different The femheme proteins can undergo further 
oxidation,-^ and it has been suggested that this oxidation occurs at one 
of the methene bridges of the porphm nng with the formation of biliver- 
dm (Chapter 34) The oxidation of methemoglobin m this manner gives 
rise to “cholcglobin,” in which a bile pigment and iron arc linked to 
globin The possibility exists that sucli oxidation of the porphm ring is 
important in the catalysis of the reactions of hjdrogen peroxide bj 
catalases and peroxidases 

The prosthetic group of methemoglobin is also found (in modified 
form) in ferncjtochrome c Tiie absorption spectrum and other prop- 
erties of ferroc>tochromc c place it among the liemochromogens, and its 
reversible oxidation to the feme form is an important reaction in bio- 
logical oxidation processes (Chapter 14) Like hemoglobin and methe- 
moglobin, the ferrohemochromogens and fernhemochromogens (also 
termed hemichromes or parahcmatins) can be reversibly oxidized and 
reduced The principles underlving such oxidation-reduction reactions 
arc discussed in Chapter 11 

From the above, it is possible to make a distinction among three tjpes 
of phjsiologicall) active heme proteins, depending on the valence state 
of tlie iron These types ina> be listed as follows 

1 Fe remains div alent (hemoglobin, mjoglobin) 

2 Fe IS rcv’crsibij oxidized and reduced (cjtochrome c) 

3 Fe remains tru alent (catalases and peroxidases) 

In all three tjpes, the same iron-porpbj nn nucleus is involved as the 
prosthetic group, and the essential biochemical reactions in which these 

=0C D Corvcll el al , 7 ..Im Chem Soc . 5% C33 (1937) 

R LembcrR et al , Biochcm J, 35, 328 (1911), P George and D 11 Irvme 
i6iJ, 58, 18S (1951) ' 
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utilization of the energy of sunlight for the biosynthesis of carbohydrates 
(cf Chapter 22) 

The '?vork of Willslatter and Stoll in 1913 showed that the leaf chloro- 
ph> IIs exist in tu o forms, named chlorophyll a and chlorophyll b, and that 
both forms are composed of a porphyrin, magnesium, and phytol (a long- 
chain optically active aliphatic alcohol, C 20 H 39 OH) The linkage 



Phytol 

between the porphyrin and phytol is an ester bond and may be cleaved 
by an enzyme turned chlorophyll esterase (or chlorophyllase) The 
structure of the chlorophylls was dehnitcly established by Hans Fischer 
The formula given is that of chlorophyll a, in chlorophyll b, the methjl 
group in 3 position is replaced by a formyl ( — CHO) group In the 
green leaves of higher plants, the chlorophyll content is about 0 1 per 
cent of the fresh w eight, and the ratio of chlorophyll a to chlorophyll b is 
usually about 2 5 In green algae, there appears to be considerable varia* 
tjon in the total chlorophyll content, and in the ratio of chlorophyll a to 
chlorophyll b Although there is evidence for the view that, m green 
leaves, the chlorophylls are bound to protein, it has not been possible 
thus far to extract from leaf tissue a chlorophj U-protein compound that 
may be considered with certainty to represent the native conjugated 
protein 

The magnesium of chlorophyll a may be removed by means of dilute 
acid, to yield pheophytin a Treatment of chlorophyll a with stronger 
acid leads to the removal of the metal and the phytyl group, to form 
pheophorbide a, -with HI, pheophorbide a is dehydrogenated at the 7,8* 
bond to yield pheoporphynn ag 
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appears to be less stable than that of iron in the heme proteins This 
was sliown bj Kubowitz, ^ho diahzcd octopus iiomocjanm against 
cjanide at pH 74, and found that the copper was rcnio\cd from the 
protein Restoration of the cuprous ion m the absence of air led to 
tiic re-formation of a large portion of the copper protein, as indicated b\ 
its capacitj to accept owgen 

The other group of nonporph>rin rcspiratorj pigments, the iron- 
containing hemerj thrins, are reddish substances found in the erj’throcj tes 
of certain marine worms-^ {eg. Phascolosovia, Sipunculus) Some 
hemerj thrins ha\c been crjstalhzcd and found to ha\c a particle weight 
of about 120,000 Klotz and Klotz-’ ha\c suggested that, on ovjgena- 
tion, 2 ferrous atoms arc oxidized bj a molecule of Oo, and that tlie 
oxjgcn la bound in the form of 0>2- Neither the hemerj thrins nor 
the hcniocj inma combine witli CO 

An important iron-containing protein, found in the spleen and lixer of 
\anous anmuls, is ferntm Because of its role as the principal storage 
form of iron m tlie animal bod\, its properties are discussed later 
(Chapter 30) in relation to the metabolism of iron 
\ copper protein (hcmocupicm), present in the crjthrocxtes of sex oral 
animals (ox, siicep, hor-'C), lias been obtained in crystalline form,-'* it has 
a particle weight of about 35,000 and contains 2 copper atoms Mann 
and Kcilin aUo liaxc dc^c^lbcd another copper protein (hcpatocuprom), 
obtained from ox h\er In both copper proteins, the metal is bound 
loo«ch, and is liberated on treatment with trichloroacetic acid, neither 
copper protein combines with oxxgcn Normal!), oil the copper m 
niunmalian sera is bound to protein in the form of ceruloplasmin,-'’ a 
coppcr-cont lining o-globulin of particle weight ca 150,000 A copper- 
containing protein (cercbrocuprcin) has bten isolated from ox brain 
\.mong the know n copper proteins are sc\ er il enz) mci- (c g , poh phenol 
oxida-o, n-corbic acid oxulasc) that will be discu'-ijed later (Cliaptcr 14) 
(Ither metal cnzxmcs art cirbonic inli\dra'-c, eirbowjicptulasc, and 
‘^omc dchx drogcna«cs (all reported to bo zinc proteins), argma-e and «c\- 
cral poptidc-'plittmg cnzMiu- (btlicxed to be manganese protein®), and 
tnoln'-c fbclicxcd to bo a magncHum protein) The prc-^ence of metal 
lon® in tliC'C enzx me®, and of iron in the catah tic licrnc protein-, indicates 
the important role of tlie-e ion-* m nictahohe procc— c® 

Chlorophylls lor the maintenance of the life of multicclluhr organ- 
iMiis, ptrinp- the mo-t important met il p^otcln^ irc tho-e cont uning the 
inigne-ium-porphxrm coiupound'i fchlorophx lls) that make po-siblc the 

-* I Iliwri m'l \ Ghm tti-M-unWi Ifutchtm rl IUoph]/s Acfn 23, 1S9 (1957) 

~ T XHiin nn4 I) K*jlm Pri>e /.«y S<>c 12611, 103 (193<5) 

C. IIolnilKn; C II I^urrll Icfo C/irm Vnjul 2,6^(1918) 

•* H I’ort* r nnd J lolcli J \eun>rhtm 1,2C0<19}7) 
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The nucieoproteins are conjugated proteins in 'a Inch acidic non-araiao 
acid units named nucleic acids arc linked to proteins The nucleo- 
protcins ha^e attracted much interest because of their association with 
the chromosomes of cell nuclei, and it is widely believed that these 
chromosomal nucieoproteins are intimately involved in the transrnissioa 
of heicditary characters Nucieoproteins are also present m the e'^trft- 
nuclear material of living cells, and arc believed to play an importan 
role in the biosynthesis of cjtoplasmic proteins 

The initial studies on nucleic acids were those of Friedrich Mieschcr 
(2S44-IS35),^ who was interested m the cliemical constituents of cell 
nuclei In 1569 he obtained from pus cells a nonprotem materia 
(“nuclein”) which was strongl> acidic and contained an appreciable 
quantity of phosphorus Mieschcr then turned his attention to sperm 
cells, which were known to consist principally of nuclear material, from 
these he obtained a preparation of “nuclein” and also a basic substance 
w hich he termed protamine The term “nuclein” w as replaced by “nucleic 
acid” in 1889 Subsequent studies led to the conclusion that the nucleic 
acids were components of conjugated proteins (nucieoproteins) and that 
the nachic acids were widely distributed not only in animal cells bu 
also m plants and microorganisms The first intensive chemical inve‘*ti' 
gations of the nucleic acids were undertaken by Albrecht Kossel (1853- 
1927} and were followed bj the studies of P A Levene (1869-191®) 
and of Walter Jones (1865-1935)® A valuable monograph on nucleic 
acids has been prepared bj Davidson'* For detailed information about 

1 J P Greenstem, Set Monthly, 57, 523 (1943) 

sp A I>e\ciJe and L VV Bas^, Nucletr Aetds, Chemical Catalog Co, New "ior , 
1931 

•1 VV' Jones Auclcjc Acids, Longmans, Green and Co, London, 1920 

4 J N Puid^on, The Biochemistry of the f/ucleic Aciih, 3id Ed , Methuen and 
Co , London, 19 j7 
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In addition to chlorophylls a and b, se\eral closelj related compounds 
ha^o been found in nature Among these arc the substances designated 
chlorojihj 11s c and d, their chemical structure has not been established, 
and the identification is based largely on differences in absorption spectra 


CHa CH=CH2 



Ph«ophorbid« a 


In the brown algae, diatoms, and flagellates, chlorophjll a is accompanied 
b\ chloroph% 11 c , in the red algae, cliloroplij 11s a and d are present Tlic 
photos) nthetic purple sulfur bacteria contain bactonochlo^oph^li, which 
has been shown to differ from clilorophjll a m the replacement of the 
Mn>l group in 2 position b^ an acctjl (— COCH3) group and in the 
hjdrogonntion of the 3,4-doublc bond 
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alkali, folloTv ed by acidification of the extract Solutions of such inatenal 
show a greatlj decreased streaming birefringence, and the particles ha\e 
a much lo-^er apparent molecular -u eight Later studies shoned that 
treatment of Hammersten’s preparation with alkali led to the breakdown 
('‘depol>merization”) of the high-molccular-\s eight material xiith the 
formation of smaller particles of varied size For example, if tobacco 
mosaic virus is denatured heat treatment, and the nucleic acid portion 
IS extracted ivith a solution of NaCl, the resulting nucleic acid prepara- 
tion has an apparent particle weight of about 300,000, and the particles 
exhibit considerable asymmetry, boneicr, on treatment of the saline 
solution with cold alkali, the mean particle weight of the material is 
reduced to about 15,000 Kucleic acid preparations of particle weight 
900,000 can be obtained from tobacco mosaic Mrus by means of phenol, 
such preparations are unstable, and depol>racnze to fragments of particle 
weight 60,000** That the method of preparation of the nucleic acids 
determines, to a large degree, their phisical properties must be borne in 
mind in evaluating descriptions of their chemical properties *- Although 
the samples of yeast and thymus nucleic acid used in the early chemical 
studies, and prepared by alkaline extraction, were assumed to represent 
undegraded materials, it is now known that this assumption was incor- 
rect Furthermore, all the nucleic acid preparations described thus far, 
with possibly only a few exceptions, appear to represent mixtures of 
different but closely related substances 

Products of the Cleavage of Nucleic Acids 

Yeasl Nucleic Acid On treatment of yca^t nucleic acid with N KaOH, 
the nucleic acid is hydrolyzed to compounds termed nucleotides, in which 
three components — a nitrogenous base (a derivative of punne or pynmi- 
dme), the five-carbon sugar n-nbose, and phosphoric acid — are linked to 
one another The nucleotides derived from yeast nucleic acid differ from 
each other in the nature of the punne or pyrimidine derivative, and in 
the site of attachment of the phosphoric acid group Alkaline hjdroljsis 
of yeast nucleic acid yields 4 pairs of nucleotides, both members of each 
pair have the same nitrogenous base, but differ in the position of the 
phosphoryl group The 4 pairs arc named adenylic acid, guanyhe acid, 
cytidyhc acid, and undylit acid 

Treatment of the nucleotides with hydrochloric acid results m complete 
h>drolysis with the formation of the punne or pyrimidine, phosphoric 

«S S Cohrn and W M Stan]e>, J Btol Chetn , 144, 589 (1942) 

H Schuster et al, Z Naturforseh^ 11b, 339 (1956) 

12 S Zamenhof and F Chargaff J Btol Chem, 186, 207 (1950), A M CrestfieJd 
ct al . tbid , 216, 185 (1955) 
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the chemistry and metabolism of nucleic acids, the \oIumes edited by 
Chargaff and Da\idson^ should be consulted 
The nucleic acid content of microorganisms, and espcciallj of bacteria, 
is relatucly high (as much as 15 per cent of the dr> -weight) Yeast, 
which contains about 4 grams of nucleic acid per 100 grams dry weight, 
has long been a \aluable source of nucleic acid preparations used for 
chemical study Among mammalian tissues, the thjraus gland is particu- 
larly rich in nucleic acids (about 3 grams per 100 grams of fresh tissue), 
and preparations of “tlijinus nucleic acid" also were studied cxtcnsi\el> 
by the early im cstigators in this field 

Of special interest among the biological materials that contain nucleic 
acids are the \iruses® The term “\irus” is applied to infectnc agents 
that act as intracellular parasites and arc small enough (diameter 10 to 
300 irifi.) to pass through filters that retain bacteria A wide \ariety of 
filterable mfuscs has been recognized, although they differ greatly in 
complexity of composition, all \iruses that ha\c been studied chemically 
are characterized by tlie presence of nucleoprotem material The simplest 
of the known Mruses, such as the purified plant viruses (eg, tobacco 
mosaic virus, bushy stunt virus), are nucleoproteins ’ Other viruses 
(elementary bodies of vaccine virus, influenza virus) are more complex 
Among the Mruses are included the intracellular parasites of bacteria, 
these agents are termed "bacteriophages,”® and also are largely composed 
of nucleoprotem 

It IS relatuely easy to obtain preparations of nucleic acid, the proper- 
ties of the isolated material, however, depend greatly on the method 
employed For example, the procedure developed by L Haramersten m 
1924 for the isolation of thymus nucleic acid mvoUes extraction of the 
tissue with neutral salt solutions in the cold The material obtained in 
this manner (or by one of the more recent modifications of the Ham- 
inersten method) represents the sodium salt of thymus nucleic acid, and 
has been found to consist of thread-like particles of high particle 
weight (near 6 million) ® Tlie asymmetry of the particles is shown by 
the intense streaming birefringence and viscosity of their solutions A 
more drastic method for the preparation of nucleic acids was used by 
P A Le\ ene and others and inv olv cs extraction of the nucleic acid w ith 
Chargaff and J N Di\jdson The Xucleic Actd^i, \cademic Press, New York 

1955 

*S Lurin, General t irology, John Wilej «L Sons New Vork, 1953 
"It RIarkInm and J D Smitlj, in H NeuraUi and Iv Bailey, The Proteins, 
\ol IIA, Chapter 12 Academic Press New 'kork 1954 G Schramm Advances tn 
Emymol 15, 449 (1954), N W Pine, Adtances m 1 iruj Research, 4, 159 (1957) 

®F W Putnam Advances tn Proletn Chem , 8, 175 (1953), J S K Boyd, Biol 
Revs, 31, 71 (1950) 

»P Doty et al, J Atn Chem Soc 76, 3(M7 (I9al) 
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structure of adenosine-2',3'-phosphatc (related to the isomeric adenjlic 
acids) IS shown Such cjclic phosphates have been obtained from jeast 
nucleic acid by treatment with BaCOa (pH ca 9) at 100° C, and ha\e 
been synthesized from nucleotides in which one of the two remaining 
acidic functions of phosphoric acid is cstcnfied (cf formula of benzyl 
ester of cytidino-3'-phosphate) In strongly alkaline solution {N NaOH), 
the cyclic phosphates arc readilv hydrolyzed to yield a mixture of the 
nucleoside-2'- and 3'-phosphates It should be noted that adenosine-2'- 
phosplnte and adenosine-3'-phosphatc arc not interconvertible in the 
presence of alkali 

The important disco\ery of tlic cyclic nucleoside phosphates thus 
explained the formation of isomeric pairs of nucleotides, but left open 
the question whether it is tlie 2’- or the 3'diydroxyl of ribose that is 
linked to phosphate in intact yeast nucleic acid Strong evidence in 
favor of the 3^ position was obtained in experiments with nbonuclease 
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(an enzyme that hydrolyzes yeast nucleic acid, see Chapter 35) , this 
enzyme cleaxes synthetic phosphodicsters of cytidmc-S'-phosphate (the 
benzyl ester is shown) or of uridmc-3'-phosphato to form the nucleotide, 
whereas the isomeric 2'-phosphodiestcrs arc not attacked In the action 
of nbonuclease on yeast nucleic acid, cyclic 2',3'-phosphatcs of pyrimidine 
nucleotides appear as intermediates, only 3'-phosphates are formed when 
the enzyme is allowed to act on such cyclic compounds 

If yeast nucleic acid is subjected to the action of an enzyme prepara- 
tion (from snake \enom) that attacks phosphodicsters, the principal 
products are not nucleoside-2'- or 3'-phosphate&, but rather nucleosidc- 
5'-phosphatcs,‘® see structure of adenosine-5'-phosphatc on p 189 Since 
the tw'o methods of enzymic hydrolysis (nbonuclease and phospho- 
diesterase) yield 3'- and 5'-phosphatcs respectively, it has been concluded 
that, in the intact yeast nucleic acid, the nucleotides arc joined to each 
other by means of phosphoryl groups that link the 3' position of one 
nucleoside to the 5' position of another nucleoside Cleavage of one of 

18 W E Colm and E Volkm J Biol CAcm. 203, 319 (1953) 
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acid, and furfural (a degradation product of nbose) The manner in 
which the three components of the nucleotides are joined together ^as 
elucidated by the results of treatment with dilute acid or alkali On mild 
acid hjdroljsis of a nucleotide, a nitrogenous base and a sugar phosphate 
are formed, mild alkaline hjdroljsis (eg, aqueous pyridine) gives 
phosphoric acid and a compound (a nucleoside) in which the base is still 
joined to the sugar The nucleosides corresponding to the nucleotides 
mentioned abo\e are adenosine, guanosme, cytidine, and undine respec- 
tnelj It IS clear, therefore, that the arrangement of the three compo- 
nents of the nucleotides is as follows 

Nitrogenous base — nbose — phosphoric acid 


In general, the gljcosidic bond of the pjriraidine nucleosides is much 
more stable to acid hydrohsis than that of the purine nucleosides, this 
treatment usuallj does not jield a sugar phosphate from a pjrimidine 
nucleotide, and other methods had to be applied to demonstrate the 
sequence of the components 


NHa 

Nfhc"\ 

I , II «CH 
HCla 
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HN C \ 

I II CH 

H2N 

* H 


Ad«moe (6-tffliooptms«l Guaniae (2'UB>tio-S-ozypurm«> 


NH2 


O 

II 

I II 

^CH 


Uraal (2 6-iLoxy- 
pyrrmiduie) 


The nitrogenous base obtained from each of the 4 pairs of nucleotides 
IS the purine adenine (from aden>lic acid), the purine guanine (from 
guan>lic acid), the pyrimidine cjtosine (from c\tidjlic acid), or the 
pjrimidme uracil (from uridjhc acid) Guanine, as its name implies, was 
first isolated from guano (the excrement of certain sea birds) , its dis- 
co\cr> dates from 1844 Guanine also has been identified as the principal 
nitrogenous component of the CNcrement of some spiders Adenine was 
first found in extracts of pancreas bj Kossel in 1885 The pjrimidmes 
were first obtained b> Kossel from a nucleic acid preparation In the 

G Schmidt et al Biochtm et Btophys Acta, 16, 533 (1055) 
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thymus nucleic acid, tlie phosphoi^l residue is linked to the 5'-h}dfo\\l 
group of deoxjnbose In the intact nucleic acid, this phosphorjl group 
IS also linked to the 3'-hjdro\jI of another deoxynbonuclcoside unit, as 
shoi\n by the isolation of thyjnidine-3'’,5'-dipiio<-phnte and dcoxjcjtidme 
3',5'-diphosphate on degradation of thymus nucleic acid ivith acid The 
glveosidic linkage of the punne deovj ribonucleotides is %erj labile under 
these conditions 

PNA and DNA The chemical investigation of nucleic acid prepara- 
tions from many biological sources lias demonstrated that thej resemble 
either yeast nucleic acid and contain a pentose probably identical vith 
D-riboso, or thymus nucleic acid and contain a deoxypentose probabh 
identical «ith 2-deoxy-D-ribosc The first of these tvo general types of 
nucleic acids is termed pentose nucleic acid (abbreviated PNA) or ribose 
nucleic acid (RNA) , the other type is named deoxvpentose nucleic acid 
(DNA) Although it nas once thought that tlie pentose nucleic acids 
nere characteristic of plant tissues herons tlie deoxj pentose nucleic 
acids ere confined to animal cells, this separation is incorrect , both PNA 
and DNA haie been found in nearly all tjpes of cells examined There 
IS considerable eiidcnce, howexer, that the relatixc proportion of the trio 
types of nucleic acid m a gixon ccl! depends on the relative proportion of 
the nuclear materia! compared with the c>top)asm3c material Thus 
tissues rich in nuclei have a preponderance of DNA, in calf thvmus, for 
example, there is about four times as much DNA as PNA, vvJiereas rat 
hver has about four times as much PNA as DNA In the deterxnina* 
tion of the DNA and PNA content of animal tissues, advantage is taken 
of the fact that treatment of tissues with warm alkali causes the break- 
down of PNA to the component nucleotides, which are soluble in acid, 
whereas the DNA is not measurablj affected by the alkaline treatment 
and is precipitated bj acid This difference m lability to alkali is noa 
readily understandable in terras of the conversion of PNA to cjchc 
nucleosidc-2',3'-phosp}]ates (p 189) > the absence of a 2'-h}dro\'yI in the 
sugar unit of DNA prevents this conv^ersion In this method, devised bv 
Schmidt and Tliannhauser,®’ the estimation of the proportion of the tuo 
tjpes of nucleic acid is based on the phosphoius content of the acid- 
soluble and acid-insoluble fractions Another method for the estimation 
of PNA and DNA is that of Schneider, who treated tissues with hot 
trichloroacetic acid and estimated the DNA content b> means of a 
colorimetric reaction with diphenylamine,-’ which appears to react with 

31 C E Carter, J Am Chetn Soc, 73, 1537 (lC5i; 

33 J N Da\jdson, Cold Spnng Harbor Symposia Quani Biol, 12, 50 (1917) 

33 G Schmidt and S J Thaonhauser, J Biol Chtm , 161, 83 (1945) 

C Schneider, 7 Biol Chem , 161, 293 <1045) 

35 Iv Burton, Bwchem J , 62, 315 (1956} 
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the phosphor} I bonds ^ill lead to the formation of either 3'- or 5'-nucleo- 
tidcs It Ins also been h}pothesizcd that some nucleoside units ma^ be 
joined b} means of phosphor}! groups between the 2'- and 3'-h}dro\}l 
groups of two nucleosides, but the status of this possibilit} is uncertain 
at present The structure of }east nucleic acid and of related nucleic 
acids IS discussed further on pp 194 f 

Thymus Nucleic Acid Earl} studies of the products formed upon acid 
h}drol}Sis of th\mus nucleic acid preparations demonstrated that this 
material, like } cast nucleic acid, contains the purines adenine and guanine 
and the p^rlmldlno c\tosine, in the form of nucleotides Howe^er, m 


H 


C 

il 

.CH 


NH2 

I 



Thymine 


8-MethylcytMine 


place of uracil, the p^^nlldl^c th>minc was found More recent work 
in*! shown that, m addition to adenine, guamne, c}tOiine, and tliMnine, 
li\(Irol}sate‘! of th}inus nucleic acid contain small amounts of 5-metlnI- 
c\ tosinc As m \ cast nucleic acid, the nitrogenous bases of tli} mus nucleic 
acid arc present in the form of mickotidcs, but a distinctue difference 
between the nucleotides from the two sources is the presence, m th\mus 
nucleic acid, of 2-(lco\}«D-nbosc instead of D-nbo'C^® The mode and 


HOCH2 H 

l\' l/l 

H C— c' OH 
I I 

on H 

2-D«oiy-D*nbo»r 


place of attachment of the sugar to the nitrogenous ha«o m the dcow- 
pibonuclco’-idcs from thMiiu-* nucleic acid appears to be the same as m 
the nhomicIcoMdc'* from \ ca«t nucleic acid Tlm« th} nunc dto\^ nl)o-ide 
(th^ inidinc) 1*5 3-j3-2'-deo\a -n-ribofurnno^} !th\ nunc •'* The other nuck- 
O'ldc' from tliMnu- nuckic icid art termed dco\^ adeno-me, dco\}- 
gimno'inc, dcow cMidiiu ind '>-inctli\ldio\\e\tidint flic co^rc^pon(ll^g 
nuclcotidc'' art th\ muh lu acid dtow ldcn^ he icid, dco\^ gu in\ he acid, 
dco\\c\tid\hc ind, and 5-1111 tin ldeo\ac\tnh lit acid 
In the dtow nhonuckoluUv loolatcd \ftcr tnz}imc degradation of 

i" (. L^lind nntl \\ Ci Oirrrml Ada Chem Vnuf/ H, 192 (1951), I G 
Unlkcr and (. C BiitUr Cni\n<l J Chim Tl, IIGS (19>C) 

\ M Michcl nn and \ H TwId J Clum Stte 1933. SIC 
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crystalline plant viruses The work of Bawden and Pine and of Stanley 
has shown the^ic nucleoprotems to contain nucleic acids of the PNA type 
only On the other hand, bacteriophages of Escherichia colt are of the 
DNA tjpe Some insects contain >1111808 that appear as inclusion bodies 
in cell nuclei, md contain DNA, whereas in other insects the virus occurs 
in the c>topJasm and contaiD& PNA^* PN4 preparations liaie been 
obtained from a wide \ariety of animal tissues (liver, spleen, brain, sea 
urchin eggs, etc ) In addition to the thjmus gland, other animal tissues 
(eg, spleen, kidney) have yielded preparations of DNA, as have plant 
tissues (eg, wheat germ) and microorganisms (tubercle bacilli, pneu- 
mococci, jeast, etc ) It is doubtful whether any of the numerous PNA 
and DNA preparations described in the literature thus far represent 
homogeneous chemical substances, no matter how carefully prepared by 
the available methods For example, the heterogeneity of thymus DNA 
preparations Ins been demonstrated experimentally 


Structure of Nucleic Acids 


Composition of Nucleic Acids The early work of Levene and 
Jones suggested that veast nucleic acid (thought to have a molecular 
weight of about 1500) was composed of equivalent proportions of the 
four nucleotides formed on treatment with alkali On the basis of 
the weights of the products isolated from such degradation reactions, it 
was concluded that a molecule of jeast nucleic acid was formed by the 
union of adenylic, guanvlic, c>tidylic, and undylic acids, each con- 
tributing a molecule to the “tetranuclcotide ” B> analogy, thjraus 
nucleic acid (prepared b> extraction with alkali) was believed to be a 
tetranucleotide composed of equimolar proportions of the deoxypentose 
nucleotides derived from adenine, guanine, cytosine, and thymine When 
it was recognized that the nucleic acids could be obtained in the form 
of particles) ot cxtreraelv high molecular weight, the tetranucleotide 
hypothesis had to be modified, and it was suggested that nucleic acids 
actually represented aggregates of these tetranucleotides More recent 
work has disproved the tetranucleotide hypothesis, some of the experi- 
mental data that led to the abandonment of this view are considered 
m what follows 


The development of the methods of chromatography for the ammo 
acid analysis of protein hydrolysates encouraged the application of 


3 !? t Harbor Symposux Qmnt Biol, 12, 115 (1947) 

O Jiergold and L pHter, Z Nalurfonch, 3b, 332 406 (1918), A Kneg, Natur- 
vissctifchafLcn 43,537 (1956) ' e.. 

Chem, 203, 305 (W53), E Chargag et al . Naim, 
173. 2S9 (1953) , A Bcndich et al . J Am Chetn Soc , 77, 3671 (1955) 
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the purine deoxj ribosides and not with the purine ribosides The two 
methods outlined aboxc represent valuable contributions to the difficult 
problem of the separation and estimation of closely related but poorly 
defined chemical materials, it ma> be expected that further progress in 
the quantitative estimation of PNA and DNA will be forthcoming 
A qualitative method for distinguishing the two types of nucleic acid 
IS that of Feulgcn, who found that fuchsin sulfurous acid gives a red 
color with solutions of DNA but not with PNA This reaction has been 
applied by cell biologists to the study of the distribution of DNA and 
PNA m various parts of the cell For a rcvicv\ of the Feulgen reaction 
and of other cjtochcmical techniques for nucleic acids, sec Swift (in 
Chargaff and Davidson®) 

The fact that most of the Foulgcn-positiv e material is localized in the 
nuclei has strengthened the view that the nucleus is the repository of 
DNA, whereas the cjtoplasm contains the PNA However, isolated cell 
nuclei have been found to contain small amounts of PNA,"® and it has 
been reported that most of the DNA in the frog's egg is m the cyto- 
plasm Stimulating conclusions about the distribution and transforma- 
tion of nucleic acids (both PNA and DNA) have been drawn b> 
Caspersson"® from studies of the ultraviolet absorption of parts of cells 
This method inv olves measurement of the extent of light absorption at 
about 260 in^, where the spectra of the purine and pyrimidine rings of 
the nucleic acids show maxima It has been suggested that the charac- 
teristic capacity of certain bacteria (Gram-positive bacteria) to take 
the Gram stain (crjstal violet, followed b> L) is a reflection of their 
greater content in a ii ignosium salt of pentose nucleoprotein 

The nuclei of tissue cells from animals of a single species contain 
rclativclv constant amounts of DNA per nucleus, thus a determination 
of the quantitj of DNA m a tissue permits an estimate to be made of the 
number of cells m that tissue, and provides a useful basis for defining 
the amount of a given component (eg, an enzjine) per cell (sec 
Vendrelj, in Chargaff and Duidson®) 

From the foregoing it will be clear that one maj speak todaj of two 
general tjpes of nucleic acid, both occur m living cells and can be 
separated more or less satisfactonlj from each other None of the cell 
nucleic acids has j ct been obtained m a state of homogeneity approaching 
tint of the more highly imrified proteins Perhaps the most reproducible 
jireparations obtained thus for are the nucleic aculs derived from the 

=« L R M Kiv Biochnu J , 62 ICO (lOoC) 

-*I IIolT-Jorgcn'm and I /rulhrn Aa/urc, 169, 215 (19 j2) 

-ST Ca-spers-'Orj Cold Spring Harbor *iympo<ia Quatit lUol 21, 1 (1056) 

^AS Jonos ct al , Aalurc, 050 (lOoO), P Mitchell and J Movie tbid 166 
218 ( 1950 ) 
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Uvenc Chromatographic analyses oE nucleic acids Irom other biological 
matenais Jikcivise gave results which /ailed to accord with the simple 
tetrnnucleotide structure A corapaneon of the data for yeast PNA and 
pancreatic PNA indicates that these two preparations are significantly 
different in their composition Some of the difference may be due to the 
presence in the pancreas of an enzyme (ribonuclease) which degrades 
PNA It has been reported^ that, if the ribonuclcaso is removed before 
the isolation of the pancreatic PNA, the composition of the reeullnig 
nucleic acid preparation resembles that of yeast PNA more closelj 
The del eJopment of chromatographic methods has influenced decisive]} 
all stutiies of tlic composition and structure of nucleic acids The tech- 
niques of paper chromatography hav'o not onl} permitted the analysis 
of mixtures of purines and pyrimidines, but also have led to the dis- 
covery of new nitrogenous bases as constituents of nucleic acids Thus 
5-mctliylcy tosinc (p 191) was found to be a component of thjmus DNA 
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preparations, and 5-hydro\Yinothylcytosine identified as a constitu- 
ent of the DNA of several Eschenchta coh bacteriophages (To, T 4 , Te) > 
the 5-iiydroxj'nioth> 1 group of the latter pyrimidine is linked to glucose®” 
Also, G-methylaininopunne has been shown to be a nainor component of 
the DNA of several bacteria The use of column chromatographj led 
to the separation of the isomeric pairs of nucleotides formed on alkaline 
hydrolysis of PNA preparations (p 189), and both ion exchange and 
paper chromatography have been valuable for ihe quantitative snal>Bis 
of nucleosides and nucleotides present in nucleic acid hydrolysates 
In addition to the chromatographic methods, electrophoresis (usualh 
uith paper as i supporting mecliuin, cf p 106) has been extremely usefu 
for the separation of nucleic acid components (set 5 D Sraith^) Kxam 
mation of the structural formulae of the punnet, pjnimdmes, an 
nucleotides given earlier m this chapter Uiill show that they tontam 
lonizable groups, these groups include the enohe hydroxyls of * 
cytosine, thymine, and guanine (pK' in the range 9 to 12 5), the l 2 
groups of cytosine, adenine, and guanine (pK' in the range 2 to 4 5) , an , 


34 J E Bacher and F W Allen, ^ Biol Ckem. 183, 641 (1950) 

35 G K Wyatt and S S Cohem Btochem J, 55. 774 (1953), E VoUan, J 
Chem Soc, 76. 5892 (1954), R L Smsheimcr. Proc Natl Acad Sa,42,S02 
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similar techniques for the quantitatue determination of the products 
formed on cleavage of the nucleic acids In 1947-1949 it vas found bj a 
number of in\estigators, using ^'lnous sohents, that the purines and 
pyrimidines had different Rp ^alues, and that the position of each of 
these bases on paper strips or in the effluents of a chromatographic 
column could readilj be established either bj uItra\iolet spectroscope or 
b> relatuelj specific chemical reactions The separation of nucleic acid 
components bj paper chromatography has been re\iened by Wjatt,® 
and Cohn® has summarized the work with ion-c\change columns 


Table I Composition of Pentose Nucleic Acids^^ 


Source of 


N Accounted 
for as 

Per Cent of 
Nucleic 

Moles of Base 
per Mole of 

Relative 

Molar 

Propor- 

Nucleic Acid 

Compound 

Acid N 

Nucleic Acid P 

tions 

Yeast 

Adenine 

309 

0 261 

32 


Guanine 

303 

0256 

81 


C> tosine 

17 3 

0 244 

SO 


Uracil 

39 

0083 

10 

Swine pancreas 

Adenine 

192 

016G 

36 


Guanine 

4GG 

0402 

88 


C\ tO'iinc 

14 2 

0 205 

45 


Uncil 

21 

0040 

10 


A \aluablc mctiiod for the identification of purines and pjnmidmes on 
paper strips msol\es treatment of the chromatogram with mercuric salts, 
which combine with the nitrogenous bases to form mercuric complexes, 
followed bj ammonium sulfide The presence of a purine or pjrimidinc 
IS tlms made CMdcnt bj the appearance of a spot of the black mercuric 
sulfide Wlicn the position of a particular nitrogenous base has been 
established, the Lorrespondmg part of the paper chromatogram not treated 
with incrcurj salts is cut out and extracted, and the amount of the base 
determined b\ measurement of the extent of light absorption at about 
2G0 irifi The application of this method to the analysis of PNA prepara- 
tions from xcast and from swine pancreas has gi\cn data"^’ such as those 
shown in Table 1 In these analjscs, the rcco^crj of nitrogen was only 
about 82 per cent of the total present m each nucleic acid preparation As 
max be seen from the last column in Table 1, the relatixc proportions of 
the four nitrogenous ba^es rule out the possibihtx that either of the PNA 
preparations con'-istcd of tctranueleotidcs of the tjpc postulated bj 

\i'rhcrftn(l T Cinrfnfl, 7 liiol Chem 176,715 (1918) 
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nucleotide The same conclusion applies to DNA preparations, the 
four principal nucleotides formed on liydroiysis m moat instances are 
not present m equimohr ratios, and in addition several DNA preparations 
contain small amounts of other nucleotides (eg, 6-methyI(leoxyadenjhc 
acid) In the Eschcnchia coh bactenophagos T2, T4, and T^, deoxj- 
cytidyiic acid appears to be absent, and is replaced by 5-iiydroxMnethyl- 
dco\ycytidylic acid Of the many data in the literature on the nucleotide 
compos,ition of DNA preparations, a feiv are cited m Table i In general, 

Table 4 Composition of Oeoxypenfose Nucleic Acids from Various 
Sources^® 

Molar Proportions m DNA 


Source 

Adenine 

Ouantne 

Cy tosine 

Thymine 

5 -Methyl' 

cytosine 

Calf thymus 

10 

13 

10 

15 

006 

Beef spfocn 

10 

13 

10 

16 

006 

Human sperm 

10 

10 

10 

17 


Wheat germ 

15 

14 

10 

15 

0 31 

Escherichia coh 

00 

08 

10 

11 

000 

Bacteriophage T5 
(E coh) 

31 

20 

10 

35 

000 


the DNA preparations from animal tissues and from yeast are charac- 
terized by a predominance of ademne and thymine, tshereas the prepara- 
tions from bacteria sometimes exhibit a predominance, of guanine and 
cytosine It is of interest that, m general, the sum of the purine nucleo- 
tides equals the sum of pyrimidine nucleotides, that the molar ratio of 
adenine to th3'mine is unity, and that the molar ritio of guanine to 
cytosine plus fi-mcthylcytosmc also is unity This apparent “pairing’ 
of the nitrogenous bases of DNA preparations also means that the total 
number of O-ammo groups (of adenine, cjtosme, and S-methylcytosine) 
equals the number of 6-h.cto groups (of guanine and thymine) 

Linicage of Noeleolides m Nucleic Acids The nucleic acids are 
polynucleotides, m which one of the two acidic groups of the phosphoric 
acid residue of a mononucleotide is estenfied by one of the sugar 
hydrowls of another mononucleotide This conclusion is supported by 
the results of Gulland and Jordan,^® who have examined the acid-base 

3SE Chargaff et al J Biol Ckem, 177, 405 (1949), 192, 223 (1951) Nature, 
16% 756 (1950), J D Smith acd G H Wyatt, Bwchefn J, 49, 144 (1951) 

39 D M Bro^vnaodA R Todd, ra E Chargaff and J N Davidson The Nucleic 
Acids, Vol I Chapter 12, Academic Pre^, New York, 1955 
^9J ivl Gulland, CoW Spnngr ifarbor Si/Wposia Quant 12, 95 (1947) , 

Jordan, m E Chargaff and J N Davidson, Th 0 Nucleic Acids, Vol I, Chapter , 
Academic Press, New York, 1956 
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m the case of the nucleotides, the two acidic functions of the phosphoric 
acid group with pK' \alues of about 1 for the primary phosphate disso- 
ciation and of about 6 for the secondary phosphate dissociation The 
differences in net electric charge at a gi%en pH for \anous nucleic acid 
components are reflected in different electrophoretic mobilities This 
electrophoretic method has been especially raluablc for the separation 
of partial clea\age products of nucleic acids 

Table 2 Nucleotide Composition of Pentose Nucleic Acids^'^ 

Molar Proportions m PNA 


Source 

Aden} lie 
Acid 

Guan) lie 
Acid 

C> tidylic 
Acid 

Undjlic 

Acid 

Yeast (prep 1) 

10 

097 

061 

0 70 

Yeast (prep 4) 

10 

105 

0 80 

102 

Swme pancreas 

10 

225 

0 98 

046 

Beef h\er 

10 

146 

1 09 

0 66 


Perhaps the most significant data on the composition of nucleic acids 
ha\c come from the application of chromatographic techniques to the 
quantitatwc determination of the nucleotides present in a hvdroKsate 
PNA preparations are usually completely hydroljzcd to nucleotides bj 
means of alkali (eg, 0 3 iV KOH at 37® C for 18 hours), with DNA 
preparations, the hjdroljsis is usually effected by heating to 175® with 
formic acid for about 1 hr in a sealed tube The nucleotide analyses 
obtained with such hjdroljsatcs ha\c accounted more completelv for 
tlie nucleic acid hydroljzod than did the analyses for the free purines 
and pyrimidines, as guen in Table 1 Some represontatn c data on the 
nucleotide composition of PNA preparations are given in Tables 2 and 3 

Table 3 Nucleotide Composition of Virus Nucleic Acids^^ 

Molar Proportions m PNA 


Plant \ irus 

Aden\hc 

Guanjlic 

C>tid>Iic 

Undjlic 

Acid 

Acid 

Acid 

Acid 

Tobacco nio'saic (strain M) 

10 

089 

0 05 

OSS 

Tobacco mo'Uc (strain TMt ) 

10 

0 85 

0 02 

OSS 

Cucumber mo^alc (strain C\ A) 

10 

10 

075 

115 

Tomato bush\ stunt (strain BS) 

10 

10 

0 74 

0S9 

Turnip jolloM mosaic {T\) 

10 

076 

168 

09S 


Clearl> , the molar proportions of the nucleotides from the PNA prep- 
arations do not accord with tIio«e to be expected of a simple tetra- 
ChargafI et al, / Ihol Chem , 186, 51 (1950) 

Markham and J D Smith, /liocAem J 49,401 {1951), R \\ Domcr and 
C A Knight J Biol Chem , 205, 9a9 (19o3) 
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preparations, however, 2',5'-phosphodicster linkages or phosphotriester 
bonds appear to be excluded 

Because of the inhomogencity of nucleic acid preparations, little can 
be said at present about the sequence of mononucleotide units m a single 
mononucleotide chain Partial hydrolysis of yeast PNA has given 
products (oligonucleotides) in which all of the 16 possible dinucleotide 
combinations could be identified, but it cannot be stated whether all these 
dinucleotide sequences apply to a single polynucleotide or to a mixture 
of chains with different sequences The heterogeneity of nucleic acid 
preparations also prevents the fruitful application of available end 
group methods or of chemical procedures for the stepwise degradation 
of nucleic acids 

Whatever the arrangement of the nucleotides in the nucleic acids, it is 
likely that some of the specific biological properties of certain of the 
nucleic acids have their basis in their intimate chemical structure For 
example, Avery isolated a DNA preparation from type III pneumococci 
and showed that this material specifically promotes the transformation 
of the uncapsulatcd (rough) strain type II pneumococci to the capsulated 
(smooth) form of the type III organism This transformation, which 
could not be achieved by the use of DNA preparations from other sources 
(eg, calf thymus), is accompanied b> the conversion of an avirulent 
organism to a virulent one^^ Later work demonstrated other examples 
of this important phenomenon of the “transformation” of the metabolic 
activity of bacteria by specific DNA preparations The biological 
specificity of nucleic acids also is indicated by studies on the purified 
plant viruses Thus PNA preparations obtained from tobacco mosaic 
virus by treatment with phenol retain a measurable fraction of the 
infectivity of the original nucleoprotem, this finding has been interpreted 
to indicate that the characteristic lesion associated with the Mrus is 
caused by the PNA portion 

Although much still remains to be done to purify and to characterize 
indiMdual nucleic acids, stimulating hypotheses have been advanced 
about the manner in which the polynucleotide chains are arranged m 
space The “pairing” of the nitrogenous bases m DNA preparations 
(p 198), together with X-ray diffraction data, ha\e provided the basis 
for an ingenious speculation by Crick and Watson,^** who have propose 
M Brown et a ! , Chem Soc, 1955, 4396 

M Brown et al, J Chem Soc, 1955, 2206, A S Jones et a\,tbtd, 19SO, 
2573, 2579, 25S4 

M McCarty, Bact Revs, 10, 63 (1946) _ 

■*5 A Gierer and G Schramm, Nature, 177, 702 (1956), R C Wilhiini'’, ro 
Natl Arad Sci, 42, 811 (1956), A Gierer, Nature, 179, 1297 (1957) 

46F H C Crick and J D Watson, Nature, 171, 737 (1953), Proc Roy Soc, 
223A, 80 (1954) 
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H— 0— P— OH + ll'OH -> K— 0— P— 0— R' 


0 

Mononucleotide 


0 

Dioucleotide 


In the nucleotides of DNA the onij sugar hjdroxj) available for the 
formation of a phosphoric acid ester is that in the 3' (or 5') position of 
deoxjriboso Therefore, the nucleotides must be joined bj phosphate 
ester linkages ln^ohmg the 3' position of one deoxjiibosD unit and the 
5 ' position of another The nbose inoietj of the PNA nucleosides has 
unsubstitutcd hjdro\>ls at tlic 2 ', 3 ', and 5 ' positions of the sugar, as 
noted earlier (p 190), the aaailablc e\idencc stronglj indicates that the 
principal mode of intornucleotide linkage is through 3',5'-phosphodicstcr 
bonds Support for this \ic^ has come from studies on the partial 
degradation of PNA preparations b> nbonuclease or b> mild acid treat- 
ment (e g , 6 iV HCl at 20'’ for 2 5 mm) B> means of electrophoresis on 
paper or of lon-exchange chromatographj, such partial hydrolysates ha\e 
been found to contain products identified as di* and trinucleotides 
(substanccb in nhich tuo or three nucleotides are still linked to one 
another), and shoun to be linked by 3',5'-phosphodiester bonds^^ The 
dmucleotidcft obtained from DNA preparations also have been shov-n to 
be 3',5'-phosphodiestors As mentioned before (cf p 191), the possibility 
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exists that 2',3'-phosj)l!0(lKslcr linkages max aNo he iire&ent in PNA 

U NfnrkliUii nnd J D Smith Ifwchem J , 52, 55S (iao2), I \olkin nnd U I 
Cohn J litol Chem , 20~y, 7C7 (19^3) 
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Reference may be found in the literature to nucleoprotem preparations 
obtained from cell nuclei, lierc, apparently, a basic protein (of the histone 
type) IS linked to nucleic acid Among these is a nucleoprotem prepara- 
tion obtained by Islirsky and Roltister from thymus, winch they con- 
sidered to be closely related to, if not identical nith, the chromosomes 
of the thymus lymphocytes In considcimg the nucleoproteins of this 
type, it may be approjinatc to mention that, if a solution of a nucleic 
acid IS added to a solution of a basic protein (c g , a protamine or histone) 
at pH 5, a sparingly soluble precipitate results When the very basic 
polylysmc (prepared by the N-carboxy anhydride method, p 13b) is 
mixed with a nucleic acid in solution, similar precipitates are formed ®- 
Such products^ clcarlj represent protcin-nucleate salts, the possibility 
therefore exists that, in macerating a cell in order to extract a nudeo- 
protein, acidic nucleic acids and basic proteins may be brought together 
and may form insoluble salts that arc essentially artifacts Por example, 
the protein avidin has been isolated from egg wliite in asbociation with a 
dcoxypentoso nucleic acid,°^ but it cannot be stated at present whether 
this IS a nucleoprotem preformed m the egg or an artifact of isolation 
In addition to the basic proteins identified as components of nucleo- 
protcins, several instances of the association of nucleic acids with 
nonbasic proteins have been repoitcd The protein portion of a nucleo- 
protem obtained from, tubercle bacilli is not basic, and evidence has 
been presented in favor of the view that chromosomes contain, in addition 
to a basic histone, a nonbasic protein neb in tiyptophan 
Of the known nucleoproteins, the purified plant viruses appear to be 
best suited for the study of the protein component For example, anal- 
ysis of three strains of tomato bushy stunt virus has shown their aniino 
acid composition to be very similar, they all contain about 9 to 10 per 
cent arginine and 3 per cent Ijsme, in addition to 16 5 per cent PNA®® 
It has been reported that the separated nucleic acid portion and the 
protein portion of tobacco mosaic viius can be caused to recombine, with^ 
the reconstitution of particles similar m appearance (under the electron 
microscope) to that of the original ■\irus'*'’' However, the interaction of 
virus protein ^ith virus nucleic acid ma> not be a specific phenomenon, 

52 p Spitnik et al , J Biol Chem, 21% 765 (1955) 

53H Fracnkol-Conrat et nl , Am Chefn Soc, 72, 3826 (1950) 

54 E Chargaff and H F S'lidel, J Btol Chem . 177, 417 (1949) 

55 E Steelman and E Stedmnn, Cold SpnnO Harbor Symposia Quant Biol, > 
224 (1947) 

5GE de Fremery and C A Knight, J Btol Chem, 214, 559 (1055) 

57 H Fiaenkel-Conrat J Am Chem Soc, 78, 882 (1956), Biachim et Biophys 
Acta, 24, 640 (1957) , B Commoner et al , Nature, 178 , 767 (195C) 
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a helical structure for DNA It is assumed that polj nucleotides are 
coiled in such a manner that an adenine of one chain is hjdrogen-bonded 
to a thjraine of the other Ccf accompanjing diagram), and that a 
guanine of one chain is bonded to a cjtosme of the other This hjdrogen 


Adenine 


1 

N— C N H— N C— H 

y \ / \ / 

N=C C—N 


Thymine 


Postulated pairing’ of adenine and thymine residues of two polynucleotide chains of DNA 

bonding is thought to in\ohe the 6-keto and 6-amino groups, and has 
receued experimental support from acid-base titration cur\e& of DNA^^ 
As in the case of proteins (cf p 153), treatment of DNA ■with acid or 
alkali leads to the appearance of new titratable groups, these have pK' 
values in the range of the 6-keto and 6-ammo groups of the nitrogenous 
bases, in agreement with the assumption that thej are hydrogen-bonded 
m the intact nucleic acid Studies of the light scattering of DNA solu- 
tionb have given results consistent with the view that a two-stranded 
structure is present, and that the two strands arc held together by 
hvdrogen bonds Sedimentation studies have led to the suggestion that 
the Crick- Watson model be modified to an interrupted two-stranded 
helical structuie, rather than two continuous strands^® 


The Protein Portion of Nucleoproteins 
The protein portion of the nucleoproteins is, in general, rather basic in 
character The protamines discovered b> Miescher in the sperm cells 
of various fish arc poorly characterized nitrogcnoub substances of molecu- 
lar weight 2000 to 5000, on lijdrol>sis, thej are converted to ammo 
acids For this reason, the protamines arc usuallj classified as proteins, 
although their small molecular size places them among the larger pop- 
tides®® Tjpical protamines arc salmine, stunn, and clupcm, which arc 
rich m the basic amino acids arginine, histidine, and Ij&ine The proteins 
(histones) associated with the nucleic acids of glandular tissues (eg, 
thjmus, pancreas) also have not been adequatelj characterized, but thej 
appear to contain rclativclj large proportions of arginine and Ijsinc®* 
0 JonJin ot al J Chein Sttc 1956, 151 15S 
Alcxandor and K A Stacey, litochem J , 60, IDl (1955) 

A Dckk.cr and II K Sclnchman Proc A<ifl Acad Sa 40, 891 (1951) 

Itlix Am Seten/uf, 43, 431 (1*155), F S Sranes and B T Tozer, I?ioc)n,m 
J 63, 500(1956) 

®iC F Crampton ct al, / Btol Chem, 215, 787 (19j5), 225, 363 (1957) 
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readily by treatment for a short time (7 to 10 min) with boiling N hj dro- 
chioric acid, this treatment also removes the terminal phosphoric acid 
group of ADP In both reactions, adcnosine-5'-phosphate (adenosine 
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AdeDOstne-S -tnphuphau (ATP) 

monophosphate or AMP) is formed On treatment of ATP with barium 
hydroxide, AMP and pyropliospliatc arc formed, an additional product 
IS a cyclic adenosine-3',5'-phosphate, whose structure is sho^n*'® 



Ad«nos!ne-3' S -pbo^list* 

The introduction of chromatographic methods led to the demonstration 
that ATP IS not the only nucleoside triphosphate present in muscle, 
guanosme-5'-triphosphate (GTP), cytidine-5'-triphosphatp (CTP), and 
undme*5'“triphosphate (UTP) also have been found Moreover, some 
ATP preparations contain small amounts of adenosine-S'-tetraphos- 
phate 

In addition to ATP and the nucleotides closely related to it, a number 
of other nucleotide derivatives are essentia! participants in key metabolic 
reactions, and will be referred to frequently in later pages Among these 
are the electron carriers diphosphopyridine nucleotide (DPN) and tn- 
phosphopyndine nucleotide (TPN), in which the S'-phosphoryl group of 

cow H Cooketal.J' Am Ckem &oc, 79. 3607 (1957) 

0^ R Bergkvist and A Deutsch, Acta Chem Scand, 8, 1880, 1889 (1934), H 
Schmitz et al , J Biol Chem 209, 41 (1954) 
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since the protein forms nonmfectue ■virus-like particles ^ith artificial 
nonmfective polj nucleotides 

Naturally Occurring Nucleotides 

It \\as noted previously that cnz>mic degradation of jeast nucleic acid 
can jield nuclcoside-5'-phosphates, among them adenosinc-5'-phosphatc 
(p 189) This compound v\ as isolated in 1927 from mammalian muscle, 
and was termed “muscle adenjhc acid” to distinguish it from adenosine- 
3'-phosphate (“jeast aden>Iic acid”) The first nucleotide to be found 
in nature is inosmic acid, isolated in 1847 from a meat e\tract b> Liebig 
Later work showed that inosmic acid is the deamination product of 
adenosine-5' -phosphate, the adenine of the latter nucleotide has been 
converted to the purine lijpovanthine H>po\anthmc was found bj 
Scherer (1850) , its two oxidation products, xanthine and uric acid, have 
also been isolated from natural sources Xanthine was discovered bj 


Marcet (1817), and unc acid b) Scheele (1776) 
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In 1929 an important deriv'atne of adcnosinc-S'-phosphato was isolated 
from muscle almost snnultaneoush bj Lohmann in Germanj and bv 
Fiske and SubbaRow in the United States This adenine nucleotide was 
found to contain 3 plio«pliorjc acid groups, 2 of which proved to be 
e\trenielv labile upon acid hjdroljsis Subsequent work indicated that 
it was adcnosme-5' -triphosphate (abbreviated ATP), it is also referred 
to m the literature as adenjlpvrophosplmte The structure of ATP has 
been confirmed bj sv nthesis Since it«! discover), biochemical research 
on the role of ATP in metabolism has shown this substance to be one of 
the nio«t important low -molccular-wciglit materials m Iningmattcr The 
role of ATP in biochemical djmmics will bo discussed m later sections 
of this hook For the present it inav suffice to h'^t it and the closel) 
related adtnoirmc-5'-pj rojiho-phatc or adcno'ime-o'-dipho'phatc (ADP) 
among the ‘■ubstanccs related structural!) to components of tlic nucleic 
acid« In \rP the 2 terminal phosphoric acid groups ma) he split ofT 
C. IlutandJ D ^nulli \olurc 178, 739 (1950) 

J Ih(l<!ilr\ ct nl , ^alur^, 161, 761 (19IS), J Chetn Soc , 1919, 5S2 
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Other Substances RefateJ to Nucleic Acids 

It was noted earlier tlut some of the purines identified as constituents 
of the nucleic acids had been knoun since tlie middle of the nineteenth 
century In addition to those already mentioned, caffeine (1,3,7- 
tnmethylxanthinc) and tlieobromine {3,7-dimcth>Ixanthine) occur in 
tea, and many plant extracts contain inosine (hypoxanthme riboside) 



and guanosine It would appear that nucleosides are widely distributed 
m nature, for example, 9-jd-nbofuranosylpnnne (nebularine) has been 
isolated from mushrooms, unc acid riboside has been found m beef blood, 
and sponges have been shown to contain spongouridine (S-^-n-arabmo- 

furanosyluracil), spongothymidme (3-j8-D~ard,binofuranosylthyminc), an 
spongosme (a n-nboside of 2-methoxy-6-aminopurine) A nucleosi e 
isolated from jeast is composed of adenine and S-methylthio-n-ribose, 

W Bergmann and D C Burke J Orff Chem, 21, 226 (1956) 
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adenosine-5'-phosphate or of adGnosine-2'^'-diphosphate is linked by a 
pjrophosphatc bond to nicotinamide nbosjl-S'-phobphatc (p 309) The 
electron carrier flavin adenine dmucleotide (FAD) also contains an 
adenosine-5'-phosphate moiety, this is linked b> a pyrophosphate bond 
to riboflaMn-5'-phosphate (p 336) 

A group of substances shown to be important in several facets of 
carbohjdrate metabolism are dernatives of uridme-5'-pyrophosphate 
(more commonlj termed uridine-5'-diphosphate, UDP) They include 
UDP-glucose, m which the phosphorjl groups of glucose-l-pho&phate 



and of uridine-5'-phospliate (undine monophosphate, UMP) arc joined 
bj a pj ropliospiiatc bond (cf formula) The structure of UDP»glucosc 
has been established b> chemical synthesis®- Other naturally occurnng 
UDP dernatnes arc UDP-glucuronic acid and UDP-acet>Igalactosamme 
(Chapter 19) , in addition, a number of UDP-containing compounds 
accumulate in cells of Staphylococcus aureus grown m the presence of 
penicillin A senes of compounds related to the UDP derivatues 
contain cjtidinc, thus, cjtidinc diphosphate gljcerol and cjtidine 
diphosphate ribitol ha\e been isolated from Lactobacillus arabinobus^^ 
Another substance of similar structure is guanosine diphosphate mannose, 
found in jenst 

A widel> dl^t^butcd nucleotide dcri\ati\c that plays a decisive role 
m man> metabolic processes is named cocnzjme A (CoA) , in this com- 
pound, the 5'-phosphorjl group of adenosinc-3',5'“diphosphotc is linked 
b> a PJ rophosphatc bond to phospliopantethemc, a dcruatuc of the 
Mtamin pantothenic acid (Chapter 39) The structure of CoA is shown 
on p 20G, its metabolic functions will be discussed in later chapters 

Tiic important Mtamm cjanocobalainm (\itamm Bjo) contains a 
nucleotide linked to a tetrapjrrole den\ati\c (Chapter 39) 


\\ Kenner et nl , / Chem Soe 1931, 2&13, A M MicheUon and A R 
Todd, ibid , 1936, 3459 

J Baddilej et al Biochcm J , 61, 599 (1956) 
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Drosophila melanogaster, and also found to be a constituent of normal 
human unne, its structure is 2-amino-4-oxy-6(l,2-dioxypropyl)- 
pteridme®® 

The chemistry of the pterins has been reviewed by Gates and Albert®^ 
More recent w’ork m this field is summarized in the book edited b) 
Wol&tenholme and Cameron®® 

®®E L Patterson et al , J Am Chem Soc, 78, 5868, 5871 (1956) 

M Gates, Chem Revs , 41, 63 (1947) , A Albert, Quart Revi , 6, 197 (1952) 

®8 G E Wolstenholme and M P Cameron, The Chemistry and Biology oj 
Plendines, J and A Churchill, London, 1954 
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and 6-furfurj laminopunne (kinctin) was found in DNA preparations 
The antibiotic purom> cm (from Streptomyces albomger) is the nucleoside 
deri\ atn e 6-dimethylamino-9-[3'-deoxy-3'- (p-methoxj -L-phenylalanyl- 
amino) -/3-D-ribofuranosj I] -purine 

A particularly interesting chapter in the liistorj of biochemical studies 
on purme compounds is that concerned with the attempts to determine 
the nature of the pigments of butterfly wings In one of his earliest 
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scientific papers, published m 1889, F G Hopkins described a yellow 
pigment whicli he obtained from this source, later work (1896) led him 
to the conclusion that it was a deruatuc of uric acid Although butterfly 
wings do contain uric acid, as well as isogunninc (2-o\y-6*'aminopurino), 
the researches of Wicland and Purrinann some 40 years later showed 
that the yellow pigment is not a purine, but a member of a new group 
of related substances (the pterins) , it is now termed xanthopterin 
Tile work of ^\ieland and Purrinann might ln\e remained of academic 
interest had it not been for the disco\crj in 1945 that an important 
Mtnmm, first found in lea\es, but later shown to ha\c a widespread 
distribution, is a pterm-containing compound This \itamin is folic acid 
(Chapter 39), md it occurs m the form of sea oral modifications of the 
same basic structure known ns pttroyl-i -glutamic acid It will be noted 
that a pterin (2-ainino-4-o\yptcridinc) is linked to the ammo group of 
p-nnimobcnzoic acid b\ means of a nicthalcnc bridge, the ptenn-amino- 
licnzoic acid coinpouiul is tenned ptcroic acid, and the corresponding acyl 
group is the i)ttro\) group In the fomuila *ihown, the ptcioyl radical is 
linked to the n-auuno group of i -glutamic acid 

\n mttrcstmg pterm (biopttnn) his been i-olatcd from the fruit fly 
U Baker ct a! J ^•Im Cfievi 5oc, 77, 5911 (19o5) 
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For example, in 1812 Kirchhoff found that starch n as converted to glucose 
by the action of dilute acid, and that the acid itself nas unchanged b> 
the process A little later (1817—1823), it i\as noted by several iniesti- 
gators (Davy, Dobcrciner, J^Iitschcrhch, Thcnard) that several chemical 
reactions (e g , the decomposition of hjdrogen peroxide) nerc accelerated 
m the presence of metals, v,ithout nn> appreciable change in the metal 
used It IS of interest that Thcnard noted that “blood fibrin” aho 
accelerated the decomposition of HoOo, an effect probably due to methe- 
moglobin Empirical obscr^ ations of this kind led to the proposal in 1836 
that such reactions in\olved a special kind of chemical force, ivhich 
Berzchus termed “catahsis” (Greek katdlysis, dissolution) To quote 
his own words “ catalytic power appears to consist essentially in the 
fact that substances arc able to set into activity affinities which are 
dormant at a particular temperature, and [to do] this, not by their own 
affinity, but by their presence alone ” Among the catalytic phenomena, 
Berzelius explicitly included the processes of digestion and fermentation, 
and he made the proplietic statement (quoted on p 8) winch scr\ed as 
a conceptual synthesis m bridging tlic gap between the chemical capaci- 
ties of Uxing systems and thoxc of the chemical laboratory 
During the first half of the nineteenth century a series of catalytic 
activities also was identified in biological materials Thus Kirchhoff 
found in 1814 that the convcision of starch to sugar could be effected, 
not only by dilute acid, but also b> an extract of w’hcat A ferment of 
this type (named diastase) was obtained from malt extract by alcohol 
precipitation (Pa>en and Persoz, 1833), and diastase activitj was also 
recognized in saliva In 1830 Robiquot found in bitter almondjs what he 
called an “albuminoid” material which catalyzed the hydrolysis of the 
plant glucoside amygdalin (formed bj the union of 2 molecules of glucose, 
1 of benzaldchydc, and 1 of HCN) Liebig and Wohler in 1837 studied 
this catalytic agent further and named it cmulsin In 1836 Eberle and 
Schwann described a constituent of stomach juice (named pepsin) which 
degraded proteins, twenty years later, Corvisart described trypsin, a 
protcm-spiittmg component of pancreatic juice In 1846 Dubrunfaut 
discovered m yeast a catalytic component which converted sucrose to 
glucose and fructose, this was later named inxertasc 

In Berzelius’ definition of catalysis there was a vagueness to winch 
some of his contemporaries, notably Liebig, objected violently Liebig 
stated that “the assumption of this new force is detrimental to the prog- 
ress of science, since it appears to satisfy the human spirit, and thus 
provides a limit to further research ” Instead, Licbig suggested that the 
so-called catalytic, agent (whether an inorganic substance or a ferment) 

IS itself unstable and that, in the course of its decomposition, it induces 
otherwise unrcactive substances to undergo chemical change However, 
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The enzjmcs arc proteins ^hosc biological function is the cataljsis 
of chemical reactions in luing s> stems As indicated m Chapter 1, the 
initial recognition of the role of enzjmcs came from studies on the chem- 
ical mechanism of digestion and fermentation Among the first to 
consider digestion as a cliemical process, rather than merely a mechanical 
“concoction,” ^^as a an Helmont In the carl> part of the seventeenth 
centurj, he suggested that digestion involved an actual chemical trans- 
formation of foodstuffs through the agency of “ferments” {Latin /er- 
mentare, to agitate) Tlie clioico of this viord was suggested by his earlier 
studies on the fermentation of uinc, a process that he also considered 
chemical in nature 

B> the end of the nineteenth ccntuiy there v\ as much further know ledge 
of digestion as a chemical process and it v\as known that, m the digestion 
of food b> man, the initial action b> constituents of saliva was followed 
bj tlic action of juices elaborated bj the stomach, pancreas, and intestine 
The ability of these juices to decompose food was attributed to ferments 
which subjected the food to chemical alteration Perhaps the most 
convincing of the earlj experiments was described bj Reaumur in 1752 
Taking advantage of the fact that birds of prej eject from their stomachs 
articles of food tliat thej cannot digest, Reaumur fed a kite perforated 
metal tubes filled witli different tjpes of food materials and examined 
tlic condition of the food upon ejection of the tubes His conclusion was 
tlint the stomach juice had a distinct solvent power A decade later, 
Reaumur’s method was taken up b^ Spallanzani, vvlio not onij con- 
firmed Rtaumur’*? work on birds, but extended it to other kinds of 
animals, including man 

M ith the birtli of scientific chcmistrv , in the first part of the nineteenth 
centurj, a senes of chemical phenomena was discovered that provided a 
kcj to the understanding of the mode of action of the digestive ferments 
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the structure of many of the chemical constituents of li\ing matter to 
permit a more accurate description of the chemical reactions catalyzed 
by the “ferments” mentioned above, and by the many others disco\ered 
in later vork It soon became clear that, from the point of view of the 
biochemist, one of the most striking aspects of the dynamics of hfe 
processes is the multitude of organic chemical reactions demonstrable in 
living cells and in biological fluids The importance of organic chemistry 
for progress in the understanding of enzyme action was clearly stated b) 
Emil Fischer in his Faraday Lecture (1907) 

The ultimate aim of biochemistr\ is to gain complete insight into the unending 
senes of changes which attend phnt and animal metabolism To accomplish a 
task of such magnitude, complete knowledge is required of each individual 
chemical substance occurring in the cycle of changes and of analytical methods 
which will permit of its recognition under conditions such as c^st m the living 
organism As a matter of course, it is the office of organic chemistry, especiallj 
of symthetic chemistry, to accumulate this absolutely essential matenal 

Fischer himself offered one of the most eloquent proofs of the correct- 
ness of this view through his w'ork on the enzymes which hydrolvze 
linkages m carbohydrate denvatnes (Cliapter 18) It is fair to say that 
modern enzyme chemistry rests on the knowledge of the chemical structure 
of the substrates and of the products m enzyme-catalyzed reactions, 
where there is obscurity about the chemical nature of these components, 
there also is uncertainty about the chemical reactions catalyzed by 
enzymes that act on these substrates 

However, a knowledge of the initial and final products in a biochemical 
process, though essential, is not sufficient for a description of the process 
in terras of the enzymes that are jnvohed as catalysts In living systems, 
enzymes do not function alone, but as parts of a complex “multienzynne 
(more correctly, poly enzyme) apparatus If one compares a living cell 
to a factory, then the individual enzymes might be considered analogous 
to the machines that cooperate to cause the transformation of a starting 
matenal (e g , steel) into parts of a finished product (e g , an automobile) 
These considerations have played an important role m the development 
of enzyme chemistry, as may be seen from a brief review of the early dis- 
cussions about the nature of the catalysts of fermentation 

Through the work of Lavoisier (1789) and of Gay-Lussac (1810), ^ 
was established that the process of alcoholic fermentation by yea 
involves the conversion of 1 mole of glucose to 2 moles of ethyl alcoho 
and 2 moles of CO 2 Neither of these investigators concerned themselves 
greatly with the nature of the yeast “ferment” that caused this conver- 
sion, the important chemical problem of their time being the elucidation 
of the quantitative relationships between the initial and final products in 
chemical reactions In 1837 Cagmard-Latour, Kutzmg, and Schwann 
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the later ^ork of Dumas forced Liebig to raodifj his \iei\s greatly, and 
by 1870 ho had abandoned his explanation of the mechanism of catalysis 

A more precise understanding of the concept of cataljsis required the 
quantitative measurements of the rates of chemical reactions by van’t 
Hoff and Ostw aid, during tlie latter half of the nineteenth century These 
studies led to the currentlj accepted definition of a catalyst (proposed by 
Ostvald) as a substance that changes the rate of a chemical reaction 
\\ithout appearing in the over-all reaction, in other ivords, it does not 
affect the nature of the final products It \^ould be incorrect to infer from 
this definition that the cataljst docs not participate in the reaction in 
question, as i\ill become cMdent from the discussion m Chapter 10, the 
cataljst must interact with one of the reactants to be effective In 
general, cataljsts ma> be characterized bj the following properties 

1 Thej are effective in small amounts With cnzjmes, a useful terra 
to describe the amount of starting material (“substrate”) converted in 
unit time bj a giv en quantit} of enzj me is the “turnov er number,” w Inch 
IS defined as the number of moles of substrate converted by 1 mole of 
enzjme per minute The term “substrate” was introduced b> Duclauv 
in 1883 to denote a substance acted upon by an enzyme As will be seen 
from the later discussion, the turnover numbers of enzymes var> widely 
(100 to 3,000,000) 

2 They are unchanged in the reaction This property of ideal cata- 
lysts can onl} be approximated by enzymes that arc completely stable 
under the conditions of an experiment As proteins, enzymes are 
susceptible to dcnaturation 

3 If present m small amount relative to the substrate, an ideal cataljst 
docs not affect the equilibrium of a reversible chemical reaction, and the 
function of tlic catalj st is to hasten the process in either direction JIanj 
of the reversible reactions that occur m biochemical sjstems would 
proceed at an cxtremclj slow rate if a cataljst were not present to 
accelerate the approach to equilibrium The equilibria in enzvmc- 
cataljzcd reactions will be considcral fmthcr in Chapter 9 

4 Thej exhibit spccificitj in their abihtj to accelerate chemical 
reactions This moans that a given cataljst is limited in its cataljtic 
abilitj to a more or lc^s restricted typo of chemical reaction From the 
later di'Cus^ion, it will be evident that this property of catalysts is 
exhibited more clearly bv enzymes than hv nonprotein catalysts, and 
that cnzvincs arc cxtrcmclv ‘•elective m their action on a group of closely 
related subslrnlcs 


With tlic rapid development of organic chemistry during the latter 
half of the nineteenth century, enough information accumulated about 
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to yeast colls and other organisms, while, on the other hand, it i\as said that jeast 
celts could not be called ferments, because then all organisms, including man, 
would have to be so designated Without stopping to enquire further whj thp 
name has evcited so much opposition, I have taken the opportunity to suggest a 
new one, and I give the name enzjmes to some of tlie better Inown sub«;tances, 
called b> man> unformed ferments Th’s name is not intended to impl> any 
particular hypothesis, it merely states that cn zyme (Greek, in yeast) something 
occurs which exerts this or that activit\% v.hich is supposed to belong to the class 
femienlntnc The name is not, however, intended to be limited to the invcrtin 
of yeast, but it is intended to imply that more complex organisms, from which 
the enzvancs pepsin, ti^psm etc can be obtained, arc not so fundamentally differ- 
ent from the unicellul ir organisms as some people w ouM hav c us behev e 

In 1897 the basis for a distinction between “organized” and “un- 
organized" ferments was removed by the success of Buchner in preparing 
a cell-free yeast extract which would cause the foimentation of glucose 
to etlianol and COj It then liccamo possible to consider the catalytic 
components of this extract as enzymes, m the sense of Kuhne’s definition 
However, there still remained the question whether the conversion of 
glueo&c to alcohol in\ olved one or many enzymes The complete elucida- 
tion of this question required some 35 years of intensive biochemical 
rescirch, and it is now known that alcoholic fermentation involves the 
cooperative catalytic activity of about 12 different enzymes (cf Chapter 
19) To establish the sequence in which these enzymes act it was neces- 
sary to isolate and identify intermediate products of the degradation of 
glucose, to isolate tiic component enzymes, and to demonstrate the nature 
of the chemical reaction catalyzed by cadi of the enzymes Another 
example which illustrates the recognition of the multienzyme character 
of some of the older “ferments” is the trypsin of Corvisart, long thought 
to be a single enzyme, but later shown to contain at least three separate 
cataiy tic agents Clearly, the discov cry of an enzy*me-catalyzed chemical 
reaction in an extract of cells, or a biological fluid, does not permit one 
to state that the extract or fluid is "the enzyme” tliat causes the reaction 
in question The history of biotheimstry is replete with instances m 
which a chemical reaction first thought to involve a single catalytic entity 
turned out to inv’olvc the succcasivc action of a number of enzvmes 

For a great many chemical reactions that occur in living sy’stems it is 
possible to assign, with reasonable certainty, single enzymes or groups 
of related enzymes Consequently, it is occasionallv the custom to 
designate «i group of enzy’^mes that have a paiticular type of substrate by 
combining the root of the substrate witli the suffix -ase, thus an enzyme 
that acts on proteins is a proteinase, etc Tiiere are so many exceptions 
to this practice, liowever, that it cannot bo con’^idered a general rule 
For example, the traditional names for enzy mes such as pepsin and emul- 
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independentK demonstrated that jeast was composed of living cells, and 
the question then arose whether the ability of yeast to break down glucose 
depended on the life of the jeast cells or whether jeast contained a 
ferment, analogous to pepsin or in\ertase, that could perform this decom- 
position independent!} of the life of the cell This issue was brought to 
the fore b} Pasteur, who claimed that the act of fermentation was indis- 
solubl} linked with the life of the }east cell, since man} trials to evtract 
from yeast cells a catalytic agent which would cause alcoholic fermenta- 
tion in the absence of li\ing ceUs were unsuccessful In 1860, Pasteur 
expressed his point of \iew in this fashion 

The chemical act of fermentation is cssentnlK a phenomenon correlate e with 
a Mtal act, commencing and ceasing with the latter I behe\e that alcoholic 
fermentation nc\er occurs wathout simultaneous organization, development, and 
multiplication of colls, or the continued life of cells ahead} formed If I am 
asked m what consists the chemical act of the decomposition of sugar, and what 
IS Its real cause, I admit that I am complete!} ignorant of it 

As a consequence of this view, there arose a distinction between the 
so-called organized (or formed) ferments, of which the living }east cell 
was an example, and tlic so-called unorganized (or unformed) ferments 
such as invcrtase, diastase, or pepsin, i e , those which could be extracted 
from cells This unfortunate separation was not accepted b} all of 
Pasteur’s contemporaries, however For example, in 1878 M Traube 
restated views that ho liad expressed 20 }ears earlier, as follows 

the ferments arc not, as Liebig a««umed, unstable substances which transmit 
to usuall} unrcactivo matonals tlicir chemical vibration but the} arc chemical 
sub'stanccs, related to the proteins, and which hke all other substances, possess 
a definite chemical <^tructurc ind evoke changes in other substanceo through the 
agenev of specific chemical affinitiCi, Tlie h}pothesis proposed b} Schwann 
(md later adopted b} Pistcur) that fermentation is to be considered as the 
expression of the vital activit> of lower organisms is unsatisfactor} The con- 
verse of Schwann’s livpotlicsis is correct Ferments are the causes of the most 
important biochemical processes, not onlv in the lower organisms but m the higher 
orgmisms as well 

Although other investigators of that period, notably Berthclot and 
Bernard, questioned the dcsirabilit} of the separation of the “formed” 
and “unformed” ferments, there still remained the failure to prepare a 
cell-free extract of }east that would cause fermentation In order to 
avoid the confusion engendered b} the double use of the word “ferment,” 
Kuhne m 1878 introduced the term '‘cnz}mc” to describe the so-called 
iinfonned ferments It mn} be of interest to quote Kulmc on this point 

The latter designation^ (foniieil and unfonned ferments) have not gamed 
general acceptance, mhcc on the one hand it was objected tint chemical bodies 
like pepsn etc, could not be called ferments since the name was alreadj given 
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Table ! Some Type Reacfions Cafalyzed by Enzymes 


Tj'pe Reactions EnzjTne Group 

I Hjdroljsis-condensation or replacement 

RCO— NHR'+HjO ^ RC00H4-R'NH2 Proteina^es, peptidases, 

RCO— NHR'+R"NHj RCO-~NHR"+R'NH 2 andamidases 


ECO— OR'+HsO ^ RCOOH+R'OH 

ECO— 0R'+R"0H RCO-OR"+H'OH 

Esterases 

ECO— SR'+H.O RCOOH+R'SH 
ECO-SR'+R"H RCO-R"+R'SH 

TJuoI esterases 

R— rOjH.+H.O RH+HsPO) 

R— POjH,+R'OH — RH+R'O— POiH, 
R-POjHi+R'NH, ^ RH+R'NH-POjH, 

Phosphatases and 
transphosphorj loses 

R— CH— 0R'+n,0 RH+IIO— CH— OR' 

1 1 1 1 

Gljcosidasesf 

R— CH— OR'+R"H ^ RH+R"— CH-OR' 

Transglj cosidasesf 

Phosphorol) ais-condenaation 

R— C:H— OR'+HaPO, ^ RH+HjOaPO-CH— OR' 

Phospliorjlasest 

Cleat age or formation of C — C linkages 


RCOOH ;=i RH+GOj 

Decarboxj loses 

H H 

H0~G~-C~0H RCHjOH+R'CHO 

R R' 

Aldolases 


4 Hjdntion-debjdration and related processes 

H H H 

R 2 C— C— OH RjC-C+HtO 

R R 

H H H 

RsC— C— NH 2 RsO-C+NH, 

R R 

5 O^dation-reduction 

AH2+B;:±A+BH2 

2Fe*++i02+2H+-^ 2re*++HsO 
AHs-fOs-^A+H-Oj 

AHs-fHjOj-^ A-f 2HsO 
2H20-f~02 


Hj dnses and related en 
a\Tnes (elements of HjO 
or KHj maj be replaced 
bj those of H 2 S) 


Dehj drogenases 

Oxidases 

Peroxidases and 
catalases 


t The type formula R — CH — -OR' denotes a gljcoside (Chapter 17) 

I 1 
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sin arc still found m the current literature Also, some enzjmes are 
named according to the tjpe of reaction the\ catahze, as phosphorj lases 
or dch\ drogcnases Bccau'^o of the rapid development of onzjme chem- 
istrj', there has been considerable confusion in termmolog} There are 
instances m vv hich a single t\ pe of cnz> me has been giv en sev eral different 
names In addition, there has been a tendency to assign a name before 
it IS established whether or not a single enzjmc is involved An example 
of the latter is the term "transmethj lase” to denote an enzyme that 
prcsumablj causes the transfer of a racthjl group from a compound such 
as choline to homocjstoinc When this name was introduced, the bio- 
chemical importance of transmethylation was well established, but no 
evidence was available to show whether it was catalyzed by a single 
enzjmc or bj a senes of separate enzjmes It is now known that a 
multienzjme sjstem is involved in this process 

The number of biochemical reactions to which individual enzjmes can 
be assigned is very great, a selection of the more important tjpes of 
reaction, and of some of the appropriate gioups of enzjmes, is given in 
Table 1 Although the list docs not include all the tjpes of cnzjmo- 
cataljzcd reactions to which reference will be found in later pages of 
this book, it suffices to indicate the manifold cliemical capacities of the 
enzymic appiratus of biological sjstems All living cells do not contain 
representatives of all tlic groups of enzjmes cited, certain of these groups 
are found m nearly all cells, whereas other enzjmes are more restricted 
in their distribution 

With few exceptions, enzymic reactions are performed at pH values 
near ncutrahtj and at temperatures between 20'’ ind 40® C, in order to 
imitate these reactions in the organic chemical laboratory, without the 
mediation of enzjmes, more drastic conditions ire usuallj required In 
some instances sucli efforts inaj be unsuccessful, since the extreme condi- 
tions required in the absence of the appropriate enzj me maj' cause 
extensive decomposition of the components of the reaction In general, 
it maj be said that cnzjme-cataljzed reactions arc performed with a 
dchcacj and precision that cannot be matched bj the clas&ical methods 
of organic choiiiistrj 

It will he noted that most of the reactions in Table 1 arc given as 
reversible processes In principle, ill cnzvmc-catnljzcd reactions arc 
thcrmodvnaimcallv reversible (cf p 230), in «;omc instances, however, 
the equilibrium is -o far in one direction as to make it impossible, in 
practice, to perform the rev erse reaction The function of the appropriate 
enzv me i& to cat ilv zc the attainment of equilibrium from either direction, 
whenever this is possible 
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Table 2 Some Crysfalline Enzymes 


Enzyme 

Alcohol dehydrogenase 

Source 

Yeast 

Horse liver 

Aldolase 

a-Amylase 

Muscle (rabbit, 
nt) 

Barley 


Human saliva 


Si\ me pancreas 

/3-Amvlase 

Sweet potato 

ATP-l,3-thphospho- 
gl> ceric acid trans- 
phosphorj'la«c 
A'rP-phosphop\ ruvic 
acid transphospho- 
rj'lase 

Carbonic anhj drase 

Yeast 

Rat muscle 

Beef erjthrocytes 

CarboxjTieptidase 

Beef pancreas 

Catalase 

Beef liver 


Beef erythrocjtes 

ChjTnopapain 

Micrococcus lyso- 
deihticus 

Canca papaya 

a-Chj motrjTisin 

Beef pancreas 

Crotonase 

Beef bver 

Deo\jTibonuclease 

Beef pancreas 

Enolase 

Yeast 

Fumarase 

Sw me heart 

Glutamic dehydro- 
genase 

Glyceraldehjde phos- 
phate dehydrogenase 
Hexokinase 

Beef hver 

Rabbit muscle 

Yeast 


Reference 
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K H Me>er et al, Helv Chm 
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1C H Mej er et al , Helv Chm 
Acta, 30, 64 (1947) 
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The Protein Nature of Enzymes 

At the beginning of this chapter, enzymes ^cre defined as catalytic 
proteins Although the protein nature of enzj mes is idely ackno^v ledgcd 
todaj and implicit in the viens of Traube and other in%estigatorB 
of the nineteenth century, there was a period (1920-1930) in which it was 
not accepted This change in opinion arose from the work of Willstatter, 
who had purified se\cral enzjmes, in particular, yeast in\ertase, and 
obtained enzAme solutions which were cxtremelj active catalytically but 
did not show to an> appreciable extent the characteristic color reactions 
for trjptophan The prestige attached to Willstatter’s mows led manj to 
o%erlook the importance of Sumner’s achieNement in 1926, when he 
obtained the enzxme urease (which h>drol>zes urea to CO 2 and NH 3 ) 
m the form of protein crystals Not until later was it demonstrated that 
the catalytic actnitj of purified cnz>mes is so great that an enzjme 
solution maj be too dilute for the protein color tests to be effective but 
still maj be sufflcitntlj concentrated to permit observation of the cata- 
l>tic nctivitj Sumner’s crystallization of urease was followed m 1930 
by the crystallization of pepsin by Northrop, and the succeeding years 
witnessed the isolation of many enzymes in the form of dystaHme pro- 
teins Foremost in this development was the work of Northrop, Kunitz, 
and their associates ‘ By 1956 about 75 enzymes had been crystallized, 
and the study of the properties of these highly purified preparations 
documented the view that the characteristic catalytic activity of an 
enzyme was indissolubly linked with its protein nature 
A selected list of crystalline enzymes described before 1957 is given in 
Table 2 The metliods for their isolation from coll extracts or from 
biological fluids arc essentially those described in Chapter 2 for the 
purification of proteins Clearly, the same doubts must bo applied to 
the consideration of the "purity” of crystalline enzymes as to that of 
crystalline proteins in general A\itli the enzymes, however, one may 
add to the criteria of homogeneity in solubility behavior, sedimentation, 
and electrophoretic mobility the criterion of maximal enzyme activity 
and freedom from other enzymic activities If all four of those criteria 
arc satisfied, the probability that the enzyme is "pure” is increased 
Some indication of the difiiciiltv m defining the "purity” of an enzyme 
is provided by studies on several of the enzymes found in rabbit muscle 
One of the costallinc proteins obtained from tins source, named myogen 
A, contains at Ica^t two different cnzvnic activities, even after repeated 
rccrystallization These two enzvmcs aldoh^o and L-gly ccrophosplintc 

II Northrop M Kunitz and R M Hemott Cryslathnc Ln*ymcs, 2ad TA , 
Columbia Lnncrsitj Press, New lork 19IS 
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line enzymes yield amino acids, and chromatographic ai33l>sjs of the 
hydrolysates of several enzymes has accounted for all the protein N m 
the form of amino acids and ammonia It should be recalled, however 
that some enzymes crystallize as conjugated proteins Thus the "jelioa 
enzyme” is isolated as a conjugated protein m whith the non-aroiDO acid 
portion IS riboflavin phosphate {p 332), and catalase is an iron-por- 
phynn-contaming protein The presence of the non-ammo acid com- 
ponents is essential for the enzjmic activity of these conjugated pro- 
teins, but, without the protein, tlic characteristic cnzjmic behavior is 
absent Neuberg and Euler termed the nonprotein part the “coen- 
zyme,” the protein portion the "apoenzyme,'' and the conjugated protein 
the "holocnzymc ” The term “coenzyme" had been introduced by 
Bertrand in 3897 to designate dial} 2 ab]c substances essential for enzymic 
activity 

Additional evidence for tbo conclusion that enzymes are proteins comes 
from studies m which enzymes are subjected to the action of those 
enzymes specificallj adapted to the hydrolysis of the peptide bonds of 
proteins Since the protom-splittmg cnzyTnes have been purified exten- 
sively, the liydrolysis of an enzyme preparation m their presence can be 
attributed to a proteolysis Tliorc arc many data m the literature to 
show that the catalytic activity of enzymes decreases m parallel with 
their degradation by protemasca Several examples are cited in Nor- 
throp’s book' and m articles by Con and Green® and by Sumner * 

The cleavage of peptide bonds in a crystalline enzyme docs not always 
lead to loss of catalytic activity Tor example, Hill and Smith® have 
shown that the peptide chain of crystalline papain may be extensuel) 
degraded by means of aminopcptidasc (p 144) with retention of papam 
activity This indicates that a sizable portion of the N-termmal sequence 
of the peptide chain of papain is not essential for catalytic action, and 
that the “active center” of this enzyme is located in the partially 
degraded protein Similar partial proteolysis without the disappearance 
of catalytic activity has been repotted for pepsin (Chapter 29) and for 
nbonuclcase (Chapter 35) Such findings are of great importance m the 
study of the structural basis for enzyme action, however, they do not 
invalidate the general conclusion as to the protein nature of the crystal- 
line enzy mes isolated from biological systems 

The behavior of solutions of crystallmc enzymes in the ultracentnfugc 
supports the view that enzymes arc proteins The smallest particle 
weight assigned to a purified enzyme is 13,000 for nbonuclease Other 

3 G T Con and A A Green, J Btot Chem, 151, 3l (1913) 

-IJ B Sumner cta\,J Biol Chem, 98» 543 (1932) 

L HiU and E L Smith, Biocktm et Biophys Acta, 19, ^76 (1956) 
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Table 2 [Coniinued] 


Enzyme 

Source 

Reference 

I/ictic dehydrogenase 

Beef heart 

F B Straub, Biochem J , 34, 483 
(1940) 

Lysozyme 

Egg white 

G Alderton and H L Fevold, / 
Biol Chem , 164, 1 (1946) 

Papam 

Canca papaya 

A K Balls and H Linewea\er, 
J Biol Chem , 130, 669 (1940) 

Penicillinase 

Bacillus cereus 

M R Pollock et al , Biochcm , J 
62, 387 (1956) 

Pepsin 

Swine stomach 

J H Northrop, J Gen physiol , 
13, 739 (1930), 30, 177(1946) 


Salmon 

E R Norns and D TV Elam, J 
Biol CAem. 131,443 (1940) 

Peroxidase 

Horseradish 

H Theorell, Emymologxa, 10, 250 
(1942) 


Jfilk 

H Theorell and A Akeson, Arkiv 
A’cmi, 17B, no 7 (1943) 

A A Green and G T Con, J 
Biol Chem , 151, 21 (1943) 

Phosphory lase 

Rabbit muscle 

Pyrophosphata«e 

Yeast 

M Kunitz, J Gen Physiol , 35, 
423 (1952) 

Rcnnm 

Calf stomach 

N J Bcrndgc, Biochem J , 39, 
179 (1945) 

Hibonuclcase 

Beef pancreas 

M Kumtz,./ Gen Physiol ,2i, 15 
(1940) 

Transketolase 

least 

G do la Haba et al , J Btol Chem , 
211, 409 (1955) 

J H Northrop and Jf Kumtz, J 
Gen Physiol, 16, 267 (1932), 
19, 991 (1936) 

Try^isin 

Beef pancreas 

Urease 

Jack bean 

J B Sumner, J Biol Chem , 69 
435 (1926) 

Tellow enzyme 

Yeast 

H Theorell and A Akeson, Arch 
Biochcm and Biophys , 63, 439 
(1956) 


(loh>(lrogcm':c, ha^c been crjstillizcd, and are distinct from mjogen A 
in tlicir physical properties Nc\crtliclcss, the obMoush inhomogeneous 
mjogen A belnNcs as a single component during electrophoresis in the 
pll range 5 8 to 7 G and in tlic ultraccntrifuge ■ 

The crjstalhne cnz>mcs arc clasMid among the proteins for a \arict> 
of reason® In their clementarj composition, tlic enzjmcs ®Iion t!io usual 
jiroportion of C, H, N, and S found in proteins Sonic crystalline 
enzMnes contain, in addition, 'maU amounts of P, or metal ions such as 
Fe, Cu, Jig, an<I Zn On hydrolysis hy means of strong acids, the crystal- 

2T nannow-ki and T It Nicdcrlind, / ftoZ Chem IflO 51S <1910) 
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and books by Sumner and Somers* and by J B S Haldane® An 
extremely valuable reference \^o^k on methods in enzymology has been 
edited by Colowick and Kaplan 

* J B Sumner and G F Somers, Chemtstry and Methods of Enzymes, 2nd Ed^ 
Academic Press, New York, 1917 

® J B S Haldane, Enzymes, Longmans, Green and Co , London, 1930 
JOS P Colownck and N 0 Kaplan, Methods tn Enzymology, Academic Pres, 
New York, 1955-1956 
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enzjmes ha\e particle weights between this figure and about 500,000 
(cf p 42) Tlie data given on p 150 also show that the frictional ratio 
///o for the enz>mes cited is near unitj, indicating that these cnzjraes 
belong to the group of the so-called globular proteins 

Like other proteins, enzjmes behave as amphoteric electrolytes m an 
electric field, and the isoelectric points of a large number of purified 
enzjmes haAe been deterrainetl (cf p 102) AMien an enzjme has been 
purified sufficiently so that onlj one component is observ'ed on electro- 
phoresis, It becomes possible to test whether the enzjme actuitj migrates 
together with the protein In the same way, it may be determined 
whether, in the sedimentation of an enzjme, the protein boundarj and 
the enzjme actnity move together in the centrifugal field 

Like other proteins, enzjmes readilj undergo denaturation (p 153) 
If the crystalline proteinase ch j'motrj psin is e\poscd to an unfa\orable 
pH, the per cent of the protein that is found to be denatured at anj time 
IS approximatelj equal to the per cent loss in enzjmic actuitj Similar 
effects ha^e been noted upon heat denaturation of enzjmes, this inactna- 
tion sometimes is rc\crsible if the heat treatment is not too drastic 
Finallj , it maj be mentioned that highly purified enzjmes, on injection 
into suitable animals, elicit the formation of specific antibodies (Chapter 
30) Altliough tins does not pro\e the protein nature of enzjmes, since a 
number of nonprotcin materials ha\c been shown to ser\c as antigens, 
the finding is further support for the Mew that enzjmes arc proteins In 
some instances it has been possible to demonstrate the formation of anti- 
bodies that act as specific inhibitors of the enzjme employed as an 
antigen ^ 

It w ill be seen from the foregoing, therefore, that there is an impressii e 
bodj of data to show that enzymes arc proteins, and that the under- 
standing of the mechanism wherebj enzjmes exert their cataljtic action 
depends, in large measure, on the understanding of the details of protein 
structure Because of the large gaps that still remain in this area of 
biochemical knowledge (cf Chapter 5), manj a'^pccts of the mode of 
action of the enzjmes arc still obscure Howcier, the properties of en- 
zjmes as cataljsts inaj be studied without immediate regard to the 
mechanism of tlicir action, and, ns will be seen from the succeeding 
chapters, such studies ha\c provided valuable infonnrtion on the 
manner m which cnzjnics act m biological sj stems 
A number of general reference books on enzjmes maj be recommended 
Among tlicsc arc the cnev clopcdic w ork edited bj Sumner and Mj rb lek^ 
®U Cmndcr litochcm Soc Sj/mposta 10, 16 (1933) 

•J It Sumnrr and K MjTbjck, The Fmj/mc\ Academic Pro*!.** New Jork 
!930-I9j2 
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A and B, and the rate of this back reaction is given by I 2 (C) (D) At 
equilibrium, the rates of the forward and back reactions are equal, and 
therefore Lj (A) (B) equals K 2 (C) (D) If the quotient kj/k 2 is set equal 
to a constant K, then 


K = 


(C)(D) 

(A)(B) 


Here K is the equilibrium constant of the reversible reaction 
An important relationship exists between the equilibrium constant of 
a reversible chemical reaction and the difference in “free energy” between 
the end pioducts and the initial reactants Since there will be frequent 
occasion to refer to the energy changes in enzjme-catalyzed reactions, 
it IS necessary to define the term “free energy ” To do this, a limited 
exposition of some of the methods of the science of thermodynamics is 
essential For more extended and logically more rigorous treatments 
of this subject, the reader is referred to standard textbooks on physical 
chemistry or to the treatises on chemical thermodynamics by Klotz,^ 
Rossmi,- and Glasstone ^ 


Chemical Thermodynamics 

The science of therraodjnamics describes the laws that relate to energy 
changes m any physical or chemical process These energy changes may 
be manifested either in the absorption or liberation of heat or m the 
performance of work (electrical or mechanical work, a chemical reaction, 
etc 1 The first law of thermodynamics states that, whene^e^ energy is 
transferred from one place to another, or whenever one kind of energv 
(e g , chemical, mechanical, electric, or heat energy) is transformed into 
another, the total quantity of energy taken o\er all the systems invoked 
m the process remains constant For example, if, at the start of a given 
process, the energy of a system is E^, and at the end of the process the 
system has a greater amount of energy, E^, the increment of energy 
(Ez — El = AE) must correspond to the loss of an cqunalent amount 
of energy from the surroundings More generally, the sum of all the 
energy changes m all the systems participating in a process equals zero 

If a system receives from the surroundings a quantity of heat energy 
(Q), and also produces an amount of mechanical energy (TF), thus doing 
work on the surroundings (eg, as in the expansion of a gas against 

II M Klotz, Chemical Thermodynamtes, Prentice*HalI, Englewood CliEfs, N J. 
1950 

2F D Rossini, Chemiral Thermodynamtes, John Wiley d. Sons New York, 1950 

® S Glasstone, Thermodynamics for Chemtsts, D Van Nostrand Co , New Yor , 
1947 
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Equilibria and 
Free-Energy Changes 
in Biochemical Reactions 


In the preceding chapter, it nas stated that cnzjmc-cataljzed chemical 
reactions are re\ersible, that the condition of equilibrium for a gnen 
re\ersiblc reaction maj be approached from either direction, and that 
small amounts of a catal>st do not influence the position of the equi- 
librium Since a kno^' ledge of the equilibria in isolated biochemical 
reactions is useful for tlio understanding of metabolic processes, a brief 
rcMCW of some of the fundamental principles m\ohcd is desirable 
It maj be con\cnient to begin uith the reaction 

CH3COOH + CsHsOH^CHsCOOCsHs + HoO 

This equation is xirittcn as a rcicrsible process to indicate that, m the 
ebtonfication of acetic acid bj means of ethyl alcohol, the reaction mil 
tend to go to the right until a certain proportion of the four components 
lias been attained In fact, as Berthclot and Pean de St Giles shoned 
m 1862, if one starts nith equimolar proportions of alcohol and acid, the 
reaction proceeds until about tno-thirds of the reactants ha\c been 
conicrtcd into cthjl acetate anti water Likewise, if equimolar propor- 
tions of tlie ester and water are brought togctlicr under tlie same 
conditions, the reaction proceeds to the left until about one-third of tlicsc 
substances is conicrtcd to acid and alcohol In other words, the reaction 
IS rciersiblc, a condition of equilibrium resulting when the speeds of the 
two reactions indicated bj the upper and lower arrow*? become equal In 
general, a reicrsible reaction such as that between cthji alcohol and 
acetic acid inaj be written 

A -t- B — C + D 

According to the ina«s law , the speed w ith w Inch A and B react is propor- 
tional to the product of tlit nctiailics of A and B Thus the rate of the 
fonvard reaction i*? gi\cn bj the expression A.i(A)(B), wlierc Ki is a 
constant The products of (he reaction, C and D, in turn react to gi\e 

223 
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The classical studies of Joule (1843) on the mechanical equivalent of 
heat and the de\ elopment after 1910 of accurate methods for the measure- 
ment of the electrical equi\alent of heat have led to the establi'^hment 
of the absolute joule as a fundamental unit of energy One 15® calorie 
IS equal to 4 185 joules Since 1948, the 15® calorie has been replaced 
by the “absolute calorie” (also termed “defined calorie” or “thermo- 
chemical caloric”), which is equal to 4184 absolute joules Electnc 
energy is expressed in terms of the absolute volt-faraday, which equals 
96,496 absolute joules, or 23,063 absolute calories (cf p 2931 
In considering the change in the heat energy that accompanies a 
chemical reaction, it is important to kno\s the value of Q vhen the 
pressure is kept constant, since most chemical reactions proceed at 
constant, i e , atmospheric, pressure Under these circumstances, the 
system that absorbs heat from the reservoir also increases in volume, 
thus performing x\ork For an increase in volume of aV, at constant 
pressure P, the work done will be P AV Thus, when the only work done 
by a system is P aF, and the system absorbs the quantity of heat energy 
Q from the surroundings, 

Q “ aB + P aF 

This change m heat energ> at constant pressure is termed the change in 
“heat content” or “enthalpy,” and is denoted by the symbol aH If heat 
15 evolved, the reaction is said to be exothermic, and aH has a negative 
sign, if heat is absorbed, the reaction is endothermic, and AH is positive 
The measurement of AH for chemical reactions is performed calon- 
metncally (cf Sturtevant^) Since the oxidation of organic compounds 
to carbon dioxide and water, i e , the combustion of organic compounds, is 
of importance m biochemistry, such reactions may be selected as illustra- 
tive examples Thus, in the combustion of glucose (solid) to water 
(liquid) and carbon dioxide (gas), 

CcH^oOo (s) + 6O2 (ff)-3.6H20 (0 + 6CO2 ig) 
the value of aH^oz is —673,000 cal per mole of glucose at 20® C and at a 
pressure of 1 atmosphere This value is termed the “heat of combustion 
of glucose under the stated conditions The change in enthalpy vanes 
with temperature, and it is customary to denote a particular aH value 
with a subscript that indicates the appropriate absolute temperature on 
the Kelvin scale (0® C = 273 1®K) 

When a fatty acid such as palmitic acid (Chapter 23) is burned w'lth 
oxygen, 

C1GH32O2 (s) + 23O2 ig) I6CO2 ig) + I6H2O (1) 

aP '293 ■= —2,380,000 cal per mole of fatty acid In the combustion of 
an amino acid such as cysteine, the bound nitrogen is converted to No 
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atmospheric pressure), the first law of thermodjnamics states that 
aE = Q — TF 

When heat is absorbed, the numerical value assigned to Q is positive, 
when heat is released, the value of Q is negative When a sjstem does 
work upon its surroundings, the numerical value of IF is positive, when 
work IS done upon the system, the v'alue of W is negative 
When a sjstera neither absorbs nor evolves heat in a process, i e , an 
adiabatic process, as in the expansion of an ideal gas, Q = 0, and, b> the 
first law, 

aE W 

It follows from the first law that, if a sjstem does no work upon its 
surroundings, the total energy change in the sjstem is equal to the change 
in heat energj This situation applies to the occurrence of a chemical 
reaction at constant volume in n sjstem that can absorb heat from a 
heat rcserv oir or provide heat to such a reservoir Under these circum- 
stances, if heat is absorbed bj the sjstem, 
aE-Q 

The change in heat energy m the reservoir may be measured by deter- 
mining the change in its temperature, this is, in essence, the pnnciple of 
the calorimeter^ The capacitj of the substance in the calorimeter to 
increase its energj bj an increase m its temperature (from Tj to T^) is 
termed its “heat capacitj,” which is a proportionalitj constant assigned 
the sjrabol C 

This relationship provides an experimental basis for the definition of 
units of heat energj Historicallj, the first such unit to bo u^cd widclj 
w as the caloric, (abbrev lated cal) , it w as defined as the quantitj of heat 
required to raise the temperature of 1 gram of w ater 1 degree centigrade 
Since the heat capacitj of water vanes with temperature, it became 
nccc^sirj to spccifj tlic temperature interval cmplojcd Thus, the 15® 
calorie wan defined as the quantitj of heat needed to increase the tem- 
perature of 1 gram of water from 14 5® to 15 5® C It is occasionallv the 
practice to refer to large quantities of heat energj m terms of kilocalories 
(abbreviated kcal), the 15® kilocalonc is the amount of heat required 
to raict the temperature of 1000 grams of water from 14 5® to 15 5® C In 
di«cus'-ions of heat changes in biological sj stems (cf Chapter 37), some 
bioclicmists have referred to the kilocalorie as "large caloric” or even 
“Caloric” (abbreviated Cal) 

M StiirtP\nnt, in A W oi'j'tjcrKer Phj/ncnl UfMorft of Organic Chctni^try, 
2n<J Ed , Clnptcr li Intcr«cicncc Publieliers, IVen Jork, 1&J9 
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It IS possible, for example, to calculate the heat of ionization of acids 
from measurements of their pK values at different temperatures The 
ionization of the carboxyl group of glycine at 25° C (p/Cj = 2 35) has 
an enthalpy change of AiY®208”1156 cal per mole, for the ionization 
of the ammonium gioup of glycine (piiCs “ 9 78), Afl '°208 “ 10,806 cal 
per mole These t^\o ionizations arc endotheimic reactions, since heat is 
absorbed upon release of H+ 

In the calorimetric measurement of A// for chemical reactions, careful 
attention must be given to the heats of the ionizations that take place 
For example, in the hydrolysis of adenosine triphosphate (p 204) to 
adenosine diphosphate and phosphate at pH 8 (glycylglycine buffer), the 
following reaction occurs 

ATP4- + ADP3- + HPO^s- + h+ 

The aHoo^ measured calorimctncally was -—16 1 Kcal per mole How- 
ever, the heat of neutralization by the buffer of the H+ liberated was 
—11 5 kcal (the aHoq^ of ionization for the p/vo of gl>cylglycine is about 
+ 115 kcal) Therefore, the actual m the hydrolysis of ATP 

18 about —46 kcal per mole® 


Free Energy 

Experience has sho^n that certain natural processes can occur spon- 
taneously, c g , the diffusion of molecules from a region of high concen- 
tration to u. region of lower concentration, or the separation of a solid 
from a supersaturated solution, or the running down of a clock, or the 
descent of an object from a hill to the valley below These are all 
spontaneous processes m which a system changes its state m the direction 
of equilibrium, in order to reverse these processes, work must be intro- 
duced by means of an exteinal agency This body of experience is 
summarized m the second law of thermodynamics, which states that 
for any system (under a gi\en set of conditions) there is a state of 
equilibrium toward which the system may change spontaneously, how- 
ever, any change of the system away from the equilibrium state can 
occur only at the expense of the displacement of another system toward 
equilibrium 

For the study of a reversible chemical reaction, whether it occurs in 
living things or in inanimate matter, it is important to know the direction 
m which the reaction can proceed spontaneously under a given set of 
conditions, and the amount of change that occurs before equilibrium is 
reached under these conditions If a chemical reaction proceeds sponta- 


®R J Podolsky and M F Morales, / Btol Chem, 218, 945 (1956) 
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the bound sulfur is oxidized to sulfate 
C 3 H 7 O 2 NS (s) + 525 O 2 (g)~> 

3 CO 2 (g) + OSNs ig) + (H 2 SO 4 35 H 2 O) (f) -HoO (0 

In tins reaction, —532,420 cal per mole of cjsteme burned 

Tlie heats of combustion of sc\eral organic substances are giaen in 
Tabic 1 

Table I Heats of Combustion of Several Organic Substances of 
Biochemical Interest 

The mIucs in this table refer to the change m enthalp\ m parsing from initnl 
to final products at 20° C and at 1 atmosphere The phjsical stite of each 
substance is indicated as (5) solid or (/) liquid 


-A//, 

Substance Leal per mole 

Substance 

- AA, 
Ivcal per mole 

Gluco«e (s) 

673 

Stcanc acid {$) 

2680 

Galactose (s) 

070 

Oleic acid (1) 

2057 

Maltose (s) 

1350 

Gljcjnc (s) 

234 

Sucrose (s) 

1349 

Lciicmc (s) 

S50 

Lactic acid (s) 

326 

Tyrosine (s) 

1070 

Gl>cerol U) 

397 

Cjsteme (s) 

532 

Palmitic acid (s) 

23S0 

Urta (s) 

152 


Tlic enthalpj change in a reversible chemical reaction may be esti- 
mated bj the determination of the equilibrium constant at different 
temperatures Sucli measurements give a value of A//“, this symbol 
refers to the cnthalp> change when the products and reactants are m their 
standard states fp 233) In general, A// is appro\imntel> equal to A//°, 
and for practical purposes it is justifiable to use the numerical values for 
A// and A//° mtcrchangeablj The relationship between the change m 
equilibrium constant as a function of temperature and the enthalpj 
change is given bj the van't Hoff equation 
d In K __ Af/° 
dT ~ 

wlicrc A l^ the equilibrium constant, K is the gas constant (1 9S7 cal per 
degree per mole), and T is the absolute temperature If A//° is constant 
over tlie tcniiicraturc range studied, integration of tln« equation gives 
In K •= — (A// VAT) + C, where C is a constant hen log A is plotted 
again-jt I/T, one obtains a straight line whose slope is — A//®/2 303A 
Integration between himls of temperature and To, corresponding to 
cquilihriuin constants Aj and Aj, gives the equation 

1 ^ (1 L^ 

‘°^A, 2303AVT2 h) 
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equilibrium, the entropy of the system is at a maximum, and the capacit) 
of the sjstem to do ivork upon its surroundings (i e , to displace another 
system away from equilibrium) is at a minimum A general criterion 
of thermod>namic equilibrium in a reversible process is given by the 
condition that at equilibrium aF equals zero 

From the foregoing it follows that the change in free energy (AF) is 
more meaningful than aFT m the consideration of the capacity of a 
chemical reaction to do work, since aF takes into account the energj 
T AS that IS not measured in the usual enthalpy determinations There 
will be frequent occasion, in the consideration of the energy changes in 
enzyme-catalyzed reactions, to refer to the sign and magnitude of the 
free-energy changes in these reactions In general, it can be said that, if, 
at constant temperature and pressure, aF for a reaction is charactenzed 
by a negative value, that reaction may take place spontaneously , such 
a reaction is termed an exergomc reaction If energy must be put into 
the system to make the reaction go, and aF is a positive number, the 
leaction is said to be an endergonic reaction The F function is fre- 
quently termed the “Gibbs function,” the “Gibbs free energy,” or the 
“Lewis free energy ” In some recent books, the symbol AC? is preferred 
to avoid confusion with other uses of the letter F 

It 18 important to emphasize that a large negative value for aF does 
not automatically mean that the reaction considered will take place at a 
rate sufficiently rapid to be measured This fact arises from the very 
nature of thermodynamic data, they only provide information about 
the difference in the energy content of the final and initial states of the 
reaction, but make no statement about the speed of the reaction In 
many instances, strongly exergomc reactions may be so slow that they 
cannot be observed, for such reactions to proceed at a measurable rate, 
a suitable catalyst must be present For example, in living systems, 
substances frequently meet without interacting to an appreciable extent, 
ev en though it is known from other data that the possible reaction has 
a large negative value for aF, in such instances, the appropriate catalysts 
may be absent or in an inactive state 

If, m a chemical reaction, the value for aF is a large positive number, 
the reaction will not proceed to a measurable extent m an isolated system 
even though a suitable catalyst may be present In order to cause such 
endergonic reactions to proceed, work must be put into the system 
Furthermore, for the forward part of a given reversible reaction, the 
value for aF will be the same, but of opposite sign, as for the back 
reaction, thus a knowledge of the amount of energy made available b) 
an exergomc reaction gives information about the amount of work 
required to reverse it 

The use of the term “work” in relation to the aF of chemical reactions 
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neously in a given direction, and is continuous!} oppoted by a force 
tending to rc\crse it, the reaction may be made to do useful ivork For 
evample, a re\er&iblc electrochemical cell represents a s}stem capable of 
doing electrical uorh i\hen a chemical reaction occurs, if the electro- 
motne force of the cell is continuously balanced bj an equal and opposite 
force Iso that no current flo\%s), the maximum useful ‘uorh obtainable 
from the cell at constant temperature and pressure ma} be determined 
The maximum useful nork that can bo obtained from a chemical reaction 
b> operating it in a perfectl} rcacrsible manner, at constant temperature 
and pressure, is termed the change m free energ\ of the reaction This 
free energy change is denoted bj the sjmbol aF As uill be seen from 
the discussion to follow, the sign of aF indicates whether a reaction can 
proceed spontaneous!} under a guen set of conditions, and the magnitude 
of aF gnes the maximum amount of work that can be obtained from 
tlie reaction under these conditions At one time it was bclie\ed that the 
sign and magnitude of the aH associated with a chemical reaction pro- 
\idcd \alid criteria (or a decision about the direction and extent of 
spontaneous change, but this Mew has been abandoned 

It will be recalled that, when a s}stcm at constant pressuie does no 
work other than PaV work, A^=»Q — FaT' (cf p 226) For any 
rciersible process m winch a s}stcm absorbs from its surroundings 
cnerg} other than heat energ} and FaT' work cnerg}, at constant 
temperature and pressure, 

aB “ Qr«v ~ F aF + aF 

If free encrg> is released b> the s}stcm to tlie surroundings, aF will be 
a negate c quantitj Since All aZ7 + P aF, 

aF = aH — 

The significance of Qr„ for the prc&cnt discussion lies m its relationship 
to the proport} of the s}stem termed the entrop}, and denoted b} tlie 
s.\mbol S For a re\ersiblc process operating at constant temperature, 
tlic cliangc in entrop} AS equals QrtJT^ where T is the absolute tempera- 
ture aS is c\prc»‘-cd in calorics per ilcgrce per mole (I entrop} unit =■ 1 
cal per degree) From tlic prcMous deflnition of aF, it follows that 

aF = a//— TaS 

A genera! properh of a spontaneous process operating at constant 
tcm})crature and prc'-'-urc is an increase in the cntrop\ of the s}‘5tem 
undergoing change This incrcn^e in entrop} (positne a 5) is a s} stem 
approacljcs equilibrium is related to the transition from a more highlj 
ordered distribution of atoms and molecules to a lets ordered state, as 
m the liiffusion of a solute from a concentrated to a dilute solution At 
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aud B) and the products (C and D) at any activity values It is a 
matter of convention to \intc the products of the reaction m the numera- 
tors of the two ratios of activities An important special case of this 
equation refers to t!ie conv’crsion of unit activities of A and B to unit 
activities of C and D, under these circumstances, the last term of the 
equation becomes equal to zero, and The sjmbol 

(“standard frce-cnergj" change) thus describes the maximum useful 
work that can be obtained upon the conversion of A and B to C and D, 
all four reactants being at unit activity It does not denote the frec- 
energy change in the transformation of unit activities of A and B to 
equilibrium activities of C and D In the equation relating Af® to the 
equilibrium constant, Ji is the gas constant (3 987 cal per degree per 
mole) and T is the absolute temperature If tlic equation is converted 
to the form in which common logarithms (to the base 30) arc used in 
plate of the natural logarithms, it becomes 

aF° - -4 5757 log /C 

The experimental determination of the equilibrium constant iv of a 
reversible chemical reaction thus provides a measure of the standard 
free-energj change aF® for that reaction If Jf is a very large number 
{eg, 1000), aF* has a large negative value, in other words, if the 
reaction A + B + D tends to go far to the right, the conversion of 
A -f- B to C -f D IS strongly excrgoiuc If A” is a very small number 
(eg, 0 0001), aF® has a large positive value, and the reaction will not 
proceed far to the right spontaneously 

It will be seen that the definition of chemical potentials, and hence of 
aF and aF®, refers to activities rather than molar concentrations (gram 
molecular weight per liter) or molal concentrations (gram molecular 
weight per 1000 grams of solvent) As noted earlier (cf p 86), the 
activity of a substance is the concentration of the sub'^tance as judged 
by its chemical effects In the application of the equation relating free- 
cnerg>’’ changes to equilibrium constants, it is nccessarj^ therefore, to 
know the activity coefficients of the substances participating in the 
reversible reactions These activity coefficients ma> be determined by 
measurement of the colhgativc properties of the substances concerned 
or, better still, by measurements in electric cells For many substances 
of biochemical interest, however, the activity coefficients are not known, 
and arc frcquentlj assumed to be unity If concentrations arc used 
instead of activities, tiie apparent equilibrium constant (sometimes 
denoted AO will be different from the thermodjnamic equilibrium 
constant In tlie discussion of the thermodynamics of reversible bio- 
chemical reactions, it has frequently been assumed that aF® is approxi- 
mately equal to —AT In K' 
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requires brief corament It ^ill be recalled that TNork is equal to force 
multiplied by displacement, for example, in the isothermal expansion of 
gas at constant pressure, the product of the pressure P (force per unit 
area) and the change in volume (aF) is the uork done (PaF) upon the 
surroundings The pressure may be defined as the “potential” of the gas, 
and its magnitude (rehtne to a standard) is a measure of the capacitj 
of the gas to do uork by expansion The concept of chemical ^ork is 
less explicit, but here a potential (“chemical potential”) is also involved 
The tenn chemical potential may be considered to refer to the potential 
ability of a substance to pass from one chemical state to another state 
The concept of the chemical potential uas introduced bj Gibbs m 1876 
m his classical formulation of the Ihermodxnamic laws goxermng equi- 
librium relationships in cliemical sjstcms 
The chemical potential of a substance A maj be denoted and is 
gnen by the expression 

= /a + RT In (A) = + RT]n [A]/a 

where R is the gas constant, T is the absolute temperature, (A) is the 
nctiMt) of A, [A] IS the molar concentration of A, and /a is the actnity 
coefficient of A (cf p 86) ^®a is defined bj the relationship ^a — 

when (A) equals unitj 
For a ^c^c^slblo chemical reaction, 

cA + 6B cC + dl) 


whore the capital letters denote the chemical species, and the lower-case 
letters denote tlic number of moles, the froe-cnergj' change in the 
reaction is gi\cn by the rclationsliip 


Hence 


A/' = c/i<, 4- d^iD — afi\ — bfio 


AF = cn% + — a/i®A — f>ii\ -f PT In 


= Ar 4- RT In 


(C)-(U)-* 


icy{T>r 

(A)“(B)‘ 


If the four reacting species arc present at equilibrium actnitics, AF 
equals zero, and 


aP® “ ’-RT In K 


Therefore 


AF - -/?rlnA'4-P7’ln^^^^^ 

(A)«(li)» 

The term K is the cnuililirmm constint, i e , tlic nlio of tlic product of 
the octiMtics of C and D to the product of the actiutics of A and B at 
cquMrwm Tlic last term in the equation includes the reactants (A 
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by use of tlie Mn’t HofT equation (p 227), the \alue of A//° m the 
re\ersible denaturation of tiypsin was found to be +67, GOO cal over 
the tempciature uingc studied It will be seen in Table 2 that at 
317 1° K (44° C) . log K' = 0 Since aF° =* ~RT In it follows that 
at 44° C the frce>cncrg\ change m this icaction is zero, and == T AS° 
It IS possible, theiefoic, to calcuKte aS°, which has a value of +213 
entropy units per mole This i‘. an cvticmclj large inciease in entropj, 
most cheiTiK a) reactions arc accompanied by much smaller changes (0 to 
60 entiopj units) It was mentioned earlier that there is an entropy 
increase in passing from a highlj organized arrangement to a more 
random «\rrangemcnt The increase in entropj which accompanies 
protein dtnaturation is tlms consistent with the hypothesis that thb 
process invokes the disorganization of the coinplev structuic of the 
native protein Tiie thcrmodjnamic calculations given above indicate 
the disruption of the structure of the protein tlirough the cleavage of the 
specific bonds which hold the peptide chains in a particular mutual 
orientation In general, when a chemical bond in a molecule is broken, 
heat may be released, and, wliat is more impoitant, the molecule passes 
from a more oriented structure (in the sense of tlie mutual relationship 
of the several groups within the molecule) to a less oriented structural 
assemblj To icstorc the original molecule, it will be ncceasarj to do 
more tlian just lostorc the heat liberated (A//) when the bond was 
broken, additional woik will have to be done to restore the assembly to 
its ouginal state or orientation 

Free-Energy Changes in Enzyme-Catalyzed Reactions To illustrate 
the application of thermodjnnmics to the studv of enzjmc-cataljzcd 
reactions, it will bo viscful to consider a specific instance m which the 
equilibrium constant of such a reaction has been determined Several 
investigators^ liavc carcfullj studied tlic reaction between water and 
fumarate ion to form malate ion, it is cataljzed by the enzjme fumarasc, 
which has been crystallized from swine heart (cf p 218) In the 
absence of the tnzjme, the reaction does not proceed to a measurable 
extent at pH 7 and 25° C As will be seen from the equation, fumarase 
belongs to the group of enzymes designated “hjdrases” (cf p 216) 

-OOC—CH HO— CH— COO" 

i! +^20^ i 

HO— COO- CHr- COO" 

Fumirate" 

Tlie measurements of Scott and Powell showed that at 25° C (298° K) 
equilibrium was attained when the concentration ratio of malate to 

7r M Scott and R Po«eU,^ Am Chem Soc, 70, U&l (194S), R M Bock and 
R A AIbf>rt>, ibid, 75, 1921 (1953), H A Krebs Biochcm J, 54, 78 (1953) 
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In the abo\e equations for AF and aF®, these quantities refer to a 
moles of A, b moles of B, etc , for this reason, attention must be paid to 
the concentration units used If the number of moles of reactants 
(a + b) equals the number of moles of products (c + d), the measure- 
ment of K gue a ^alue of aF® that is independent of the concentra- 
tion units emplojed On the other hand, if the molar quantities are 
not equal {as in the reaction A -f- B^:±C), the actual \alue of aF° will 
depend on the concentration units 

In order to compare and correlate the free-energj changes in chemical 
reactions, it is necessarj to define standard states for the reactants and 
products, 1 e , at \vhich /i z*® B> convention, it is customarj to define 
the standard state of a pure substance as the state of the substance at a 
giv en temperature (e g , 25° C) and at a pressure of 1 atmosphere Thus, 
solid glucose, liquid water, and gaseous oxvgen arc in their standard 
states under those conditions For solutions, the standard state of the 
solvent maj be taken as that at which its activitj equals unity, and 
the standard state of a solute as that at which its concentration is 
one molal 

Free^Energy Changes in Biochemicai Reactions 

Reversible Denaturation of Prefeins Before considering the free- 
cnergj changes in enzjmc-cataljzed reactions, it ma\ be instructive to 
illustrate the fundamental relationships discussed above as thej applj 
to tlie reversible denaturation of proteins (p 153) Anson and Mirsk>“ 
sliowod that the protein cnzjmc trjpsm behaves m a manner indicating 
that there is an equilibrium between enzjmicallj active nvtivo trjpsin 
(T„) and enzvmically inactive denatured trypsin (T^) Thus 

and 


The V aluc for K' w as determined at sev eral temperatures (Table 2) , and. 


Table 2 

Reversible Denafuration of Trypsin'* 

Tompprature, 

Inactivation, 




per cent 

A' 

log K' 

3151 

328 

0 4SS 

—0 3115 

3171 

50 0 

100 

0 

31S1 

57 4 

135 

01294 

321 1 

SO 4 

4 10 

00130 


I An^on and A h Mireks,/ Gfn Phytol , 17, 303 (1931) 
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employed, the student is advised to consider this point m comparing 
\ alues of aF® cited in the biochemical literature 
Alany reversible biochemical reactions involve hydrogen ions, ivhen 
such reactions are conducted in a buffer solution, the hydrogen ion 
concentration is held constant Thus m the reaction A-f B^C + 
D + H+, the equilibrium constant it = (C) (D) (H+)/(A) (B), and 
(C) fD)/(A) (B) = K /{H+) If the free-energy change for the reaction 
IS defined aF' when all reactants except the hydrogen ion are in their 
standard states, 

AF' = = AF° - 2 303flTpH 

The question may next be raised of the validity of the value for ^F° 
obtained by measurement of an equilibrium constant in an enzyme- 
catalyzed reaction How can one be certain that the enzjme emplojed 
led to the establishment of a thermodynamic equilibrium? One would 
have more confidence m the value of AF® obtained if it could be confirmed 
by independent means In fact, the ver> nature of thermodynamic data 
permits such confirmation It mil be recalled that the free-energy data 
refer only to the difference in the energj between the final and the initial 
states, and it docs not matter by what route, or how rapidly, one 
proceeds from one state to the other Tims, if there were a way to 
determine the standard free energy of formation of fumarate, water, and 
malate from their respective elements, the standard free-energy change 
in the over-all reaction would be given by the difference between the 
standard free energy of formation of the final product and the standard 
free energy of formation of the initial reactants, i e , 

AF° = AF®/ (malate”) — AF®/ (fumarate^) — AF“/ (H 2 O) 

Data on the standard free energj of formation (aF®/) of a large 
variety of chemical substances base been obtained by determination of 
AH°f (standard heat of formation) and by experimental measurement 
of heat capacities as a function of temperature The litter gives aS 
(cf Rossini- or Klotz^), and aF®/ may be calculated by means of the 
relationship 

AF®/ = Aff®/ - T AS® 

In this manner, one may calculate for the standard free energy of forma- 
tion of solid glycine (at 25® C and 1 atmosphere) 

2C(s) + 2 5H2(ff) -h OzCff) -h 0 5N2((?) = C 2 H 502 N(s) 

AF®/ = —88,920 cal per mole 

Values for the standard free energj of formation of other substances of 
biochemical interest are given m Table 3 Such values may be used for 
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fumarate ^ as 4 03 1, thus, if the initial concentration of fumarate ^\as 
01 il/, the reaction ceased ^hen the final concentrations of fumarate 
and malatc ^^ere 0 0199 M and 0 0801 M, respectuelj The initial 
actuitj of \\ater is set at unitj bj con\ention and does not change 
significantly during the reaction If it is also assumed that tiie ratio of 
the actn itj coefficients of fumarate and malate is unity , the equilibrium 
constant is 

; [Malatel (0 0801) 

“ [FumaratellHsO] (00199)(1) 

Thus 

AfSos = -4 575 X 298 X log 4 03 = -825 cal 
i\hich is a measure of the useful work aaaiiable from the con\ersion of 
fumarate and water to malate at 25® C and at unit actiMty This may' 
be written as follows 

Fumarate"(l + H 2 O (I = Malate” (I M) 

Ar®29S ~ —825 cal 


The logarithm of the equilibrium constant was found to \ary linearly 
with the reciprocal of the absolute temperature, at 40® C the equilibrium 
constant is 3 1 \nd aF® 3 i 3 “ —700 cal From the \armtion of log K 
with temperature, and by u«c of the \an’t Hoff equation (cf p 227), 
Scott and Powell calculated a \alue of a//® of —3650 cal for the con^cr- 
sion of fumarate and water to malate at unit actniU An independent 
calorimetric measurement of aH ga\e a raluo of —3800 cal * 

Attention should he called to the con\cntion of assigning to water an 
acti\it\ of unity in the cilcuintion of the equilibrium constant for the 
rc^erslblc con\ersion of fumarate to malate Tins applies to a reiction 
in pure water at a molar concentration of 55 C M (1000/18) hen the 
‘•obent IS not pure w-^tcr, the actnity of water must be specified if it is 
a react int If for the reaction A + + C, the molar concen- 

tration of water i« Ic'S than 55 6 M (eg, the hydrolysis of A in a 
ghccrol-watcr ‘•oliition), the standard frct-cncrg\ change in the rciction 
IS gnen by 

A/ ® = —4 )7)7 log ~ ~ I 57 jr log (55 OA ) 

In tin- c(ju It ton, the mol ir conccntntion of water i" gn cn m the dcnomi- 
n jtor of the ritio ind ictuitic- irt awiniwl to be equal to concentrations 
Die \alut of aI ® will !»i 4 5757’ log >5 0 more ncgiti\t when tlii» cqin- 
tion Is U'cd in'-tnd of ® ^ — AT In A, it 38° C this difference imounts 
to— 2 ') 00 cil fcjnct luthor*. »rc not ilwa\s explicit about the conicntion 
sp 0!ilmr%rr 7 jthyrml Chttn 202,37(1915) 
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employed, the student is adxised to consider this point in comparing 
\ alues of AF° cited in the biochemical literature 
Many reversible biochemical reactions involve hydrogen ions, when 
such reactions are conducted m a buffer solution, the hydrogen ion 
concentration is held constant Thus in the reaction A + B;=iC + 
D + H+, the equilibrium constant /C ■= (C) (D) (H+)/(A) (B), and 
(C) {D)/{A) (B) = K /(H+) If the frte-energy change for the reaction 
is defined aF' when all reactants except the hydrogen ion are m their 
standard states, 

AF' = -RT = AF° - 2 303RT pH 

The question may next be raised of the \ alidity of the value for aF® 
obtained by measurement of an equilibrium constant in an enzyme- 
catalyzed reaction How can one be certain that the enzyme employed 
led to the establishment of a thermodynamic equilibrium? One would 
have more confidence m the value of aF° obtained if it could be confirmed 
by independent means In fact, the very nature of thermodynamic data 
permits such confirmation It will be recalled that the free-energ> data 
refer only to the difference in the energy between the final and the initial 
states, and it does not matter by what route, or how rapidlj, one 
proceeds from one state to the other Tlius, if there were a way to 
determine the standard free energy of formation of fumarate, water, and 
malate from their respective elements, the standard free-energy change 
m the o\er-all reaction would be given by the difference between the 
standard free energy of formation of the final product and the standard 
free energy of formation of the initial reactants, i e , 

AF° = AF°f (malate“) — AF^/ (fumarate”) — AF°/ (H 2 O) 

Data on the standard free energy of formation {aF°/) of a large 
variety of chemical substances have been obtained b> determination of 
AH°f (standard heat of formation) and by experimental measurement 
of heat capacities as a function of temperature The latter gues aS 
(cf Rossini- or Klotz^), and AF°f may be calculated by means of the 
relationship 

AFV = AH*’/ - T AS“ 

In this manner, one may calculate for the standard free energy of forma- 
tion of solid glycine (at 25® C and 1 atmosphere) 

2C(s) -h 2 dUzig) + Ozig) -h 0 bNzig) = CzHsOaNC^) 

AF®/ — —88,920 cal per mole 

Values for the standard fret energj of formation of other substances of 
biochemical interest are gi\en in Table 3 Such values may be used for 
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Table 3 Standard Free Energy of Formation of Some Substances of 
Biochemical Interest 

(Temperature 25® C, 1 atmosphere) 


— AF®/, kcal per mole 






1 Molal 
Solution 

Cation 

Anion 

Substance 

Gas 

Liquid 

Solid 

(aq) 

(aq) 

(aq ) 

Acetic acid 

91 2 

945 


96 2 


89 7 

L-Alanine 



88 8 

891 

92 3 

75 9 

Ammonia 

39 



63 

190 


li-Aspartie acid 
Carbon dioxide 

94 5 


175 4 

172 9 

175 5 

155 Ot 

Carbonic acid 




148 8 


1264t 

L-C}steine 



82 5 

SI 6 

84 0 

70 3 

L-Cj Stine 



ICG 6 

162 1 

166 3J 

137 2 

Ethanol 

38 7 

40 2 


41 9 



Eumaric acid 



156 7 

1548 


144 6 

D-Glucose 



215 8 

2170 



D-GIutamic acid 



174 8 

172 5 

175 4 

154 Ot 

Glicine 



889 

89 0 

92 7 

70 4 

Ilippuric acid 



904 

881 


82 9 

Hjdrogcn ion 




0 



Hjdrogcn peroxide 
n>dro\)l ion 


2S2 


37 0 



i/*Lcucme 



83 8 

82 8 

86 0 

GO 7 

Z/-^ralic acid 



211 5 

213 6 


201 9t 

Palmitic acid 
Phosphoric acid 


7SG 

800 

270 0 


257 3t 

Succinic acid 



1788 

178 5 


165 If 

Sucro'sc 



371 6 




l-Tj rosinc 



07 6 

94 1 

971 

81 G 

Urea 

W atcr 

54 G 

5U7 

474 

40 0 




t Dnnlent anion 
J Dualent cation 


the calcuhtion of the standard frcc-cncrp change at 25® C in the 
combustion of gluco'-c (cf p 226) as follous 

CoHisOoCs) CC(s) + 0112(17) + 3O2O7), Af ®i = +215 8 kcal 
0C(s) + G02(£7) OCO2C17), Ar®2 = G X -94 45 = -50G 7 kcal 

CllcCff) + 302{{7) — GII2OCO, A/ = G X -50 7 = -340 2 kcal 
Af ® (reaction) = A/ ®j + A/ ®2 + A/ °3 — — GOI I kcal 

The prcci'*ion of the data gi\en in Table 3 is lanable, and some of tlic 
Af® ^alucs ma\ require rcMsion when belter measurements are possible 
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A critical discussion of the a\ailable free-energy data for se\eral sub- 
stances of biochemical interest has been presented by Burton and Krebs® 
In dealing with reactions that involve ionized organic substances, one 
must add to the value for the Af®; of the undissociated solid compound 
the aF for the transfer of the solid compound to a solution at unit actuity 
and the aF° of ionization For example, m the calculation of aF° for 
the reaction (at 38° C)i“ 

CgHsCOO- (1M) -f +NH 3 CH 2 COO- i\M)^ 

CfiHfiCONHCHsCOO- (13/) + HsO (0 

the aF°/ of the benzoate ion at unit actuitj ma> be calculated from that 
of solid benzoic acid as follows The solubility of benzoic acid at 38° 
IS 0 0426 moles per 1000 grams of HoO and its pK' is 4 20 In trans- 
ferring benzoic acid from the solid state to a saturated solution, aF = 0, 
since this system is at equilibrium If it is assumed that activity equals 
concentration, the molal concentration of CoHsCOOH in the saturated 
solution may be calculated to he 0 0409 The aF for the transfer of 
benzoic acid from a saturated solution to a hypothetical 1 molal solution 
IS given b> the equation AF = —FT In 0 0409 - 1980 cal per mole The 
free-energy change m the process CcHsCOOH (1 M) C0H5COO" 
(13/) 4- H+ (13/) is given by the equation aF°“— 

2 ZBT pK' ■=» 5990 cal per mole The aF° of formation of solid benzoic 
acid at 38° C is —57,600 cal per mole, therefore, for the process 

7C(s) ZB. 2 (g) + 02 (j 7 )-»C 6H5COO- (13/) -f H+ (lA/) 

the standard free-energy change is 

AF° =■ —57,600 + 1980 + 5990 = —49,630 cal per mole 

In like manner, the AF° of formation of hippurate (13/) -f H+ (13/) 
is calculated to be — 78,470 cal per mole at 38° C The aF°; values for 
the dipolar glycine ion (1 3/) and for HoO (0 are —87,685 and —56,180 
respectively Hence, for the over-all reaction in the synthesis of hip- 
purate ion (the H+ cancels out), 

AF°3 ii = —78,470 — 56180 — (—49 630) — (-87,685) 

“ -f 2665 cal per mole 

Each of the aF°/ values is subject to some uncertainty (about 300 cal), 
and the use of aF°; values to calculate the standard free-energy change 
for a reaction is not as reliable as direct measurement of the 
equilibrium constant Also, because of the experimental difficulties 
involved, there arc many substances of biochemical interest for whicli 

OK Burton and H A Krobs, Btockem J , 54, 94 (1953) 

10 H Borsook and J W Dubnoff, J Btol Chem , 132, 307 (1940) 
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Table 3 Standard Free Energy of Formation of Some Substances of 
Biochemical Interest 

(Temperature 25® C, 1 atmosphere) 


— AF®/, kcal per mole 






1 Molal 







Solution 

Cation 

Anion 

Substance 

Gas 

Liquid 

Solid 

(aq) 

(aq) 

('iq ) 

Acetic acid 

91 2 

94 5 


96 2 


89 7 

L-Alanme 



888 

89 1 

92 3 

75 9 

Ammonia 

39 



63 

19 0 


i/-Aspartic acid 



1754 

172 9 

175 5 

155 Ot 

Carbon dioxide 

94 5 






Carbonic acid 




148 8 


126 4t 

L-Cjstcine 



82 5 

81 6 

84 0 

70 3 

L-Cjstine 



1006 

162 1 

166 

137 2 

Ethanol 

38 7 

40 2 


41 9 



Fumanc acid 



150 7 

154 S 


144 6 

n-Glucose 



2168 

217 0 



D-Glutamic acid 



174 8 

172 5 

175 4 

154 Ot 

Gljcine 



88 0 

89 0 

92 7 

70 4 

Hippuric acid 



904 

88 1 


82 9 

Hjiirogen ion 




0 



Hjdrogcn peroxide 


2S2 





H3drox3l ion 




37 0 



L-Lcueme 



838 

82 8 

80 0 

69 7 

L-Mahc acid 



211 5 

2130 


201 9t 

Palmitic acid 


78 0 

800 




Phosphoric acid 




270 0 


257 3 f 

Sutcimc acid 



178 8 

178 5 


165 It 

Sucrose 



371 0 




l-T\ rosinc 



97 6 

94 1 

971 

81 0 

Urea 



47 4 

49 0 



W atcr 

54 0 

50 7 






t Dualent nnion 
t Dmlcnt cation 


the calculation of the standard frcc*energ> change at 25® C in the 
combustion of glucose (tf p 226) ns follows 

CcHi 20 o{s) — GC{«) 4* GHzf!?) + SOsfff), A/ ®i - 4-215 S kcal 
GC(s) 4-U02((7)-*GC02(£7), A/®2 = CX -94 45 = -6bG7Ual 
GK2C17) 4- 302(9) GHoOfO, Af ®3 = G X -50 7 = -340 2 kcal 
AF® (reaction) = Af ®i -F A/'^a 4- Af ®3 = — fiOI 1 kcal 

Tlie precision of the data giacn in Table 3 is aariable, and some of the 
aF® \ allies inaj require rcaision when better measurements are possible 
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be a negative number, and the fumarase-catalyred reaction will lead to 
the disappearance of more than 20 per cent of the initial nialate 
An cxergonic process nhich may be coupled to the endergonic comer- 
sion of malate to fumaratc is the reaction between fumarate and 
ammonium ion to form aspartate This reaction is specifically catal>z€d 
-OOC~CH CHaCOO- 

li + NH4+ + i 

HC~COO- HsN—CH—COO- 

Fumarate” Aapartate" 

bj the enz>me aspartasc, present in extracts of Eschencha coh, and the 
equilibrium constant (pH 7 4, 37“ C) has been reported to be 417 
From this value it may be calculated that the free-energj change in the 
conversion of fumaratc and ammonium ion to aspartate (all at unit 
actwitj ) IS “ —3720 cal At 37“ C, the ^F°sio for the conver- 

sion of malate to fumaratc and water is 4-700 cal Therefore, in the 
coupled reaction, catalyzed bj fumarasc plus aspartase, 

Malate" 4- NH4‘*‘ —* Aspartate" 4- H 2 O 
&F%io = -3720 4- (+700) = -3020 cal 
It may be left as an exercise to calculate the equilibrium concentration 
of malate when the initial activity of this substance is 01 M, and that 
of the ammonium ion is relatively high (activity 1 Jl/) Such a calcula- 
tion will show that approximately 99 per cent of the initial malate will 
have been converted to aspartate in the coupled reaction via fumarate 
There will be further occasion to refer to such coupled enzjTne- 
catalyzed reactions in later sections of this book, and eopeciallj m 
Chapter 15 At this point it maj be sufficient to emphasize that, in 
discussions of enzj me-catalj zed reactions in living cells, it cannot be 
assumed that each individual reaction proceeds in a homogeneous system 
until it attains thermodynamic equilibrium Instead, in living systems 
few if any of the chemical reactions are at such equilibrium positions, 
one may go further and «ay that such thermodymamic equilibna are 
incompatible with life For example, the process of the conversion of a 
protein to the constituent ammo acids is an exergonic reaction, the 
mamtenance of the integrity^ of the livung cell requires, therefore, that 
this tendency for protein degradation be counteracted The living cell 
achieves this by con^-tantly supplying energy’ m a suitable form by means 
of other chemical processes, and, what is especially important, it does 
this at a rate sufficient to counteract the tendency to attain thenno- 
dynaraic equilibrium This chemical work can bo made available m a 
variety of ways, as will be seen later, the breakdown of carbohydrates 

“J H QuastelandB V* oo)f, Jitochem J , 20, H Boreook and H M 

Huffman, J Bwl Cham, 99, 663 (J933) 
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\alues of aS° are una%ailable, for this reason, se\eral of the % allies for 
aF°/ gn en in Table 2 hai e been calculated from the results of equilibrium 
studies This is the case for the free energy of formation of malic acid, 
and it has not been possible to make an independent calculation of the 
free-energy change in the fumarasc-cataljzed reaction (cf p 235) to 
check the \alue obtained from equilibrium data The best that can be 
said at present is that it is reasonablj certain that the position of the 
equilibrium in the con\ersion of fumarate to malatc is not affected bj 
the enzjinc preparation The enzjmc, in acting as a perfect cataljst, 
merelj hastens the attainment of equilibrium 


Coupled Reacfions 

In complex biochemical sj^ems, cnzvme-catal>zed reactions usuallj 
do not proceed alone, frcqucntlj the product of one reaction is a reactant 
in another chemical process, and is thus remo\cd from the equilibrium 
m the first reaction To illustrate this, one maj consider the process 
Malate= Fumarate== + H^O This is the rc\crs'il of the reaction 
for nluch a AF^ogg of —825 cal nas found, therefore, m order to convert 
malatc to fumarate and nator (all at unit actnitj), nork would have to 
ho put into the sjstcm to the extent of +825 cal Under the particular 
conditions cmplojcd bj Scott and Powell,’ tlic same equilibrium would 
be attained, j c , 20 per cent of the malatc would have been converted 
to the products However, if one now introduces into the system a 
catalvst that causes removal of fumarate m a reaction with a large 
negative aF° value, the effective concentration of fumarate would be 
decreased, and tins would tend to drive the reaction to the right until 
nearly all the malatc had disappeared By disturbing the equilibrium 
of the fumarasc-catalyzcd reaction in tins way, an exergonic process has 
been “coupled" to an cndergonic one, and work lias thus been put into 
the s^s.tcnl This may be visualized more clearlv by considering tlie 
rclntionehip 


AF = AF* + RT In 


(cnw 


In the prc'cnt instance, 


AF = +B25 + 4 575 X 298 X log )W20) 

It follows that any factor that will (end to make the ratio of the activities 
a smaller number ( is by removal of the fumarate) will tend to make the 
li+ tenn m tlic equation more ncgitivc AMion the ratio is less than 
025, tlic sum of the two terms on the right-hand side of the equation will 
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chemical literature must be considered approximations, subjtrt to 
correction ^vhen the results of more accurate experimental studies become 
available In reading the chapters to follow, the student is urged to 
remember the tentative nature of the fiec-cncrgy data tlmt are given, 
it IS unlikely that more than a few of the figures for the of bio- 
chemical reactions have a precision greater than ±10 per cent 

The assumptions that attend the calculation of the magnitude of 
frec-energy clianges in biochemical reactions in vivo arc even of a more 
serious character The fact that biological systems are heterogeneous, 
pol> phase systems has already been mentioned Moreover, the concen- 
trations (assumed to equal activities) of the reactants and reaction 
products m a gixcn process arc xcr> different from 1 molal, and these 
concentrations must be determined by analytical methods of \aiying 
accuracy applied to complex biological materials (c g , tissue slices, 
bacternl extracts) These difficulties are overshadowed, however, by the 
met that the cliemical constituents of a hvmg organism are m a dynamic 
state Under such conditions, tlic concentration ratio of the reaction 
products to the n actants m a biochemical process will obviously be 
determined by the rates at which the reactants are brought together and 
at which the products are removed It follows, therefore, tlmt, although 
the value of Af® for a given biochemical reaction is independent of the 
rate at which the process is effected, the cliemical work that mav be 
derived from that reaction m a particular biological system is determined 
by kinetic factors operating in the stcady-statc system Although httle 
19 known about the rates of enzyme-catalyzed chemical reactions in vivo, 
much has been learned about the kinetics of such reactions in homo- 
geneous systems This aspect of enzjmc chemistrj will be considered 
in the next chapter 

Because of the importance to biology of the concept of the steady 
state, it may be useful to contrast briefly tlic properties of a steady-state 
system with those of a system at thermodynamic equilibrium A steady 
state IS reached m a system if energy or matter and energy flow' into the 
system at a rate equal to that at which energy or matter and energy flow 
out of tlic system Thus, if heat is supplied at a constant rate at one 
end of a piece of metal, and removed at the same rate from the other end, 
the temperature at any point of the metal will tend to maintain a 
constant value Such a system has been termed an “open system," m 
contrast to the “closed system” defined for thermodynamic equilibrium, 
where there is no net flow of matter or energy The steady state may 
be the resultant of both reversible processes and irreversible processes 
whereas thermodynamic equilibrium refers to reversible processes onh 

Z Hraron, Fcc/cralionProc, 10,602 (1951) 
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and of fats represents the most important of the e\ergonic reactions used 
by In mg sj stems to proMde energj for endergonic processes such as the 
synthesis of proteins from ammo acids A little reflection will shovi, 
howc\er, that other processes also maj plaj important roles in proMding 
energj A liMng organism is not a homogeneous sjstem but a polyphase 
sjstem, it follows that the mechanical removal (c g , bv the circulatorj 
sjstem) of a product of an endergome process will be a waj of putting 
energv into the sjstem and of making the cndcrgonic reaction proceed 
to a large extent Furthermore, each cell is itself a polyphase sjstem 
with distinct cjtological differentiation (nucleus, cjtoplasm, mitochon- 
dria, etc ) 

It cannot be emphasized too stronglj that thermodjnamic considera- 
tions should be applied to living sj stems with an appreciation of the fact 
that such SJ stems, oven when their chemical composition does not change, 
are not in a state of thermodjnamic equilibrium, but in a “stcadj state,” 
in which the rates of chemical sjmthesis and of breakdown are balanced 
It is essential, liowcvcr, for the biochemist to know the individual chem- 
ical reactions that proceed m a given biological sjstem, and the free- 
cnergj changes associated with them, otherwise it would not be possible 
to assess the magnitude of tiic cnergj required to maintain the compo- 
nents of such reactions m a ratio compatible with life Unfortunatelj , 
the accurate estimation of tlic frcc-energj changes in biochemical reac- 
tions IS a matter of considerable difficult} In this chapter, mention has 
been made of two experimental methods for the determination of aF" 
for a revoraiblc chemical reaction in a homogeneous svstem at constant 
temperature and preasure Tliosc methods involve (1) determination of 
the equilibrium constant, and (2) determination of A// and of AS bj 
thermal measurements In Chapter 11 it will be shown that for oxida- 
tion-rcduction reactions aF° maj be calculated from the ‘‘normal 
oxidation-reduction potentials ” All these methods ire attended bj 
experimental difficulties which biochemists frcqucntlj attempt to circum- 
vent bj mcana of simphfjmg assumptions, for example, it is usiiallj 
a‘>sumcd that the concentrations of the reactants and of the reaction 
products are equal to their respective activities Also, since determina- 
tions of tlic equilibrium constant (A) arc subject to considerable error 
when the reaction proceeds verj far (ca 99 per cent) in one direction, 
it has proved advantageous, with reactions of this tjpe, to use isotopic 
methods, which increase the accuricj of the determination of K Where 
a determination of the equilibrium constant is not possible, and a// 
Values arc available, the latter have occasionallj been used for an 
estimation of Af even without experimental data on AS, here the value 
of AS IS assumed to be zero, or some small number 
Because of these uncertainties, most of the A/® values in the bio- 
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depends on the enzyme concentration If the enzyme is stable during the 
period of measurement of the reaction rate, its concentration, (E), 
becomes part of the proportionality constant in the first-order equation 
— dC/dt = [k{E)]C or in the zero-order equation —dC/dt = k{E) It 
will be obvious that, when the concentration of the enzyme is doubled, 
the rate should also be doubled, in general, therefore, the rate of an 
enzymt -catalyzed reaction is proportional to the enzyme concentration 
This has been shown to be true in a large number of studies m which the 
conditions of temperature and pH were chosen carefully to avoid side 
reactions that might cause the inactivation of the enzyme during the 
reaction 

Such proportionality, once established, is useful for the assay of the 
activity of enzyme preparations obtained in the course of the purification 
of an enzyme from a tissue extract It is customary to define arbitranl> 
a convenient "unit” of enzyme activitj, i e , an amount of enzyme that 
will cause a given extent of reaction m a given time under carefully 
specified experimental conditions Occasionally, w'hen the substrate 
concentration must be kept low, and first-order kinetics applies (cf 
p 244), one may define a unit of the enzyme as that amount w'hich, 
under the specified experimental conditions, will cause the first-order 
constant to ha\e an arbitrarily selected numerical value However, it is 
preferable to select an initial substrate concentration that is high 
enough to give zero-order kinetics (cf p 245), and to determine the 
initial rate of reaction (e g , the amount of S converted per minute during 
the first 10 min) This procedure has the additional advantage of 
minimizing the effect of any inactivation of the enzyme, also, during this 
initial period, the products of the reaction, which may cause a slowing 
of the rate, are at a low concentration relative to that of the substrate 
An example is provided by the data gi\en in Table 1 for the hydrolysis 
of urea m the presence of urease according to the reaction 

CO(OT>)^ + HaO-^ CO 2 + 2 NH 3 

It will be noted from Table 1 that, under the specified conditions, the 
initial rate of urea hy drolysis was constant, and the substrate was decom- 
posed at a rate of 1 42 micromoles of urea per milliliter per minute If 
one defines a unit of urease activity as the amount of enzyme gi\ing a 
rate of 10 micromoles of urea per milliliter per minute, the reaction 
mixture contained 0 142 urease unit per milliliter 

In order to express the "purity” (or, better, "specific activity”) of a 
gi\en enzyme preparation, one may gi\e the units of enzyme per milli- 
gram of protein (or of protein N) present in the preparation Calculation 
from the data in Tabic 1 will show that the enzyme preparation contained 
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In a sense, therefore, thermodjnamic equilibrium is a special instance 
of the more general phenomenon of the steady state 

At thermodynamic cquihbnnm, a closed system cannot do useful v-orh 
nithout internal change (cf p 230J Hoae\er, a steady-state system is 
capable of doing nork on its surroundings or on the components of the 
system Furthermore thermodynamic equilibrium is unstable in the 
sense that it is shifted to a different state by a single addition of energy 
to the system, nhercas the steady state has stability, and is rapidly 
re-established (the property of “equifinalitj") Of special importance is 
the fact that the concentrations of the reactants ot thermodynamic 
equilibrium arc independent of the concentrations of substances that 
catalyze the reaction (cf p 211), nhcreas the stationary concentrations 
of the reactants in a steady -state system are determined by the catalyst 
concentration Clearly, a biological system that is apparently constant 
in chemical composition approximates more closely a steady -state system 
than one at thermodynamic equilibrium Alatler and energy arc con- 
tinuously taken into the biological system and removed from it The 
chemical composition of a biological svatein is determined by the rates 
of uptake and release of matter and energy, as well as by the rates 
of the transformation and translocation of matter and energy within 
the system These rates arc influenced by the concentration of enzymic 
catalysts, by agents which determine the catalytic activity of the com- 
ponent enzymes, by variations m irreversible diffusion processes, and by 
otlicr factors ^Yltlnn the biological steady -state system, there are 
gradients of matter and of energy, and the system can do work to main- 
tain sucli gradients Energy can be expended (c g , muscular movement) 
or recciv cd (o g , absorjition of light energy ) by the sy stem, and a change 
m the stcadv ‘«tntc ensues, when the intake or output of energy ceases, 
the biological ‘system returns to its former condition 

Because of tlie complexity of biological systems, the application of 
the tJicrniodynainic theory developed to de«crihe steady -state systems’® 
IS difficult, and has been undertaken in only a few special instances As 
vMll be seen later, however, several metabolic mcclmni-sms, such as 
electron transfer from metabolites to oxygen (Chapter 14), have been 
studied experimentally as stt idv-^t ite systems in the living cell 

“K G Dcnhjgh Ihc 2 hennadynamtes o/ Ike Siendy Uate, Mclhuon and Co^ 

I ondon, 1951 
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then the rate is given by the equation 

^ = L(o - a:)(6 - x) 


and the integrated form is 


K * 


1 

t{a ~ b) 


In 


bja — x) 
a{b — x) 


An equation of this nas first deduced hy Berthelot m 1862 from 
his “^itudies of the rate of the bimolecular reaction between ethyl alcohol 
and acetic acid The \elocit> constant of a reaction of the second order 
has the dimensions of the reciprocal of the product of concentration and 
time, e g , liters per mole and per minute (M~^ mm~^) In a second-order 
reaction m which a ~ = l/Ac, the half-time being in\ersely propor- 

tional to the initial concentration of the reactants It is thus possible 
to differentiate simply between the kinetics of a first- and a second-order 
reaction by examination of the effect of change in the initial concentra- 
tion on the half-time In the study of en2yme'Catal>zed bimoleeular 
reactions, it is frequently the practice to study the rate of change in the 
concentration of only one reactant under conditions where the concentra- 
tion of the other reactant is so large that it may be considered to remain 
constant during the reaction This applies not on]> to the “pseudo- 
monomolecular” hjdrolytic reactions, but to expenments with other 
enzyme-cataljzed reactions as well (cf p 250) 

It will be recalled that nearlj all types of enzymic reactions are reversible 
(cf p 215) In the form gi\ on above, the equations for the rates of first- 
and second-order reactions refer to situations in which the equiUbnura 
IS very far to the right, i e , the reactions proceed nearly to completion 
There are numerous enzjme-cataljzed reactions, however, m which the 
free-energy change is small, here the cquihbnum is characterized b> 
the presence of appreciable concentrations of initial reactants as well as 
of final products For example, consider a simple case m which the equihb- 
num may be described as follows 



At 


where li is the first-order rate constant for the conv'ersion of A to B, and 
k 2 IS the fiist-order rate constant for the reverse process, the conversion of 
B to A If, at the start of the reaction the concentration of A is equal 
to a and no B is present, then after time t the concentration of A will be 
(a — x) and that of B will be x The rate of conversion of A will then 
be given hy the equation 


^ = Ilia -x) - hx 
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76 3 urease units per gram One of the criteria for the homogcneitj of 
enzjme proteins, in the course of their purification, is the attainment of a 
maximal \alue for the number of enzjme units per milligram of protein 
nitrogen, and the fact that this \alue does not increase on further 
recrjstalhzation or other means of protein fractionation 


Table I Eniymic Hydrolysis of Urea 



Initial concentration of urea, 200 ^oles 
Temperature 30®, pH 7 4 

Urease concentration, 1 S6 mg per ml 

per mlf 

Tune, 

Amount of Urea Decomposed, 

Hydrolysis, 

mm 

^molcs per ml 

per cent 

5 

73 

36 

10 

14 2 

71 

15 

218 

109 

25 

352 

17 6 

+ 1 ;imole ■= 1 X ICH millimole — 1 X ItH mole 



Although manj cnzjmc-cataljzcd reactions proceed at rates that 
accord with the first-order equation, these reactions usually in\ohc the 
participation of more tlian one molecular species For example, an 
examination of the ureasc-catalyzcd reaction shons tliat it is a process 
in w hicli tw 0 molecular species, i e , urea and ^ atcr, participate , hon e\ er, 
the concentration of the nater docs not change to an appreciable extent 
and maj be considered constant Therefore, although t^\o reactants are 
m\ol\ed in the reaction, tiio concentration of onlj one of them is under- 
going change Such reactions are frequently termed “pseudomono- 
molccular” reactions (or "quasi-unimolccular” reactions) 

Where t«o reactants both undergo change m concentration in tin 
course of their mutual interaction, as m the reaction A -f B —> products, 


-dCA 

(U 


-dCp 

dl 


— kC^Cji 


If the initial concentration (a) of each of the reactants is the same, and 
X IS the amount of A or B con\ ericd after time t, the ^ clocity of the result- 
ing bimolccular reaction is gi\en b> llic equation 


dx 


= A,(a — x)® 


The integrated form of tins socond-ortler ccjuation is 

I - 7 X - 
t a(a — x) 

If the initial concentrations of the two reactants are a and 6 rcspccti\ely, 
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character of the substrate dependence curve of enzjme action washrst 
studied independentJy b> V HcnnnndA J BroivTi in J902, these imciti- 
gators examined the action of invertase on sucrose, wluch because of its 
great solubility in water is especially suitable for experiments of this 
nature Henri explained the diphasic character of the cun'e by the 
assumption that the enzyme and substrate combine with each other td 



rig 3 Effect of increasing substrate concentration on the \elocit> of an enrjme- 
cataljzed ronction 

form an enzjmt-substratc compound and that the substrate undergoes 
reaction only after it has combined with the enzyme This may be 
written as follows 

Sucrose + imcrtase-^ Sucrosc-inxcrtasc— ► 

Glucose + fructose -f miertase 

From this assumption it follows that, at low substrate concentrations, 
some of the enzjme molecules arc not combined with the substrate at 
any given moment, and the incomplete saturation of the enzyme is the 
cause of the failure of the enzyme to show its maximal catalytic activity 
When this maxunal activity is attained, all the enzyme molecules are 
combined with substrate, and a further increase in substrate concentration 
IS without effect on the rate since the enzyme is now completely' saturated 
An excellent discussion of this concept may be found m the article b'v 
Van Slyke^ 

The theory thus assumes that the enzyme E combines with the sub- 
strate S to form a compound ES by a reversible reaction 

E-^Sz^ES 

h 

w'here is the rate constant for the formation of ES, and ko is the rate 
* D D Van Slyke, Advances tn Enzymol, 2, 33 (1942) 
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When the system reaches equihbnum, dxfdt = 0, and, if the amount of 
A con\ertcd to B at equihbnum be designated 

(O — S'.) = k’lXt 

Substitution for /l 2 *in the differential equation, followed bj integration, 
gi\ es the cquatioiV^ 


Ho\\ever, since k\a/x, = + hi, one may wnte the equation 



It will be evident that a re\crsiblc first-order reaction maj consequentlj 
be treated as if it i\cnt ncarlj to completion, pro\jding tlic initial con- 
centration (a) IS replaced in the first-order equation b> the amount of 
A converted at equilibrium 

The importance of the precise study of the kinetics of enzjrae reactions 
cannot be exaggerated Measurements of rates arc the principal means 
for the description of such reactions, and thus provide the principal tool 
in the discover}, purification, and characterization of enzvmes Further- 
more, the quantitative study of the kinetics of enzyme action has led to 
important conclusions about the manner in which enzymes act as catalysts 
m biochemical reactions Of particular significance have been studies 
of the kinetics of enzjme-cataljzcd reactions as a function of the initial 
substrate concentration and of the temperature 


Effect of Substrate Concentration on Rate of Enzyme Action 

When the enzyme concentration is kept at a constant v aluo and the 
initial substrate concentration is varied between wide limits, in a reaction 
in which one component is undergoing change, the variation in initial 
reaction velocity {— d(S)/df, evpre'^sed as the amount of substrate con- 
verted per unit of tunc) may be described by meins of the curve m 
Fig 3 It will be seen that the curve at fir'-t rises linearly, then slopes 
ofT, and finally reaches a constant iim\imum value Occasionally, a 
diminution in velocity mnv be caused by further increase in the substrate 
concentration It will be noted from the grvph that, at low substrate con- 
centritions, the fir&t-ordcr equation — d(S)/df ~’h(E){S) applies, and 
that the mitinl veloeitv i- dirtctlv proportional to the initial substrate 
concentration (S) However, ns the «ubstmte conccntntion is increased, 
a nuxinnl rciction velocity i- ittimcd that is independent of substrate 
cnncintration Here the rchtionslnp — d(S)/d< - / (A) applies, tlin 
H the differential equation of a zero-order reaction The "diphas C 
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If one assumes that the reaction ^ + S ES is a reversible process, 
then one can write for the dissociation constant of BS, defined as S’,, 
!(£) - (ES)US) 

(ES) 

On rearranging the equation so as to solve for (ES), 




(ES): 


(E)(S) 
K„ + (S) 


If the velocity constant for the decomposition of ES is Is, and the meas 
ured velocity is v, then v — iaCi’S), and 

„ h(B)(S) 

A'„ + (S) 

The ina\imal \cIocity T' ^\ill be attained ^\hcn the concentration of ^5 
IS maximal, i e , \\hcn all of the enzyme is bound by the substrate, and 
(ES) =* (E) Under these circumstances, 

V = h{ES) - UiE) 


or A-„ = (5) - l] 


If V IS substituted for ksiE), the Michaelis-Mentcn equation is obtained 
A'„ + (S) 

Since Km nnd V arc constants, the equation is that of a rectangular 
hjperbola, nhich is the form of the diphasic cur\c found expcnmentallj 
When TVt; equals 2, ic , ^hon the measured %elocity v is one-half the 
\alue of the limiting velocity V, then K„ equals (S) Thus the substrate 
concentration required for the attainment of half-maximal velocitj is a 
characteristic constant of an cnzjinc-cataljzed reaction The constant 
Km IS termed the !MicliacIis constant, sometimes it is denoted by the 
symbol emplojed bj Islichachs and Mentcn ® 

If one plots —log (S) against v/V, a sigmoid curve is obtained with 
an inflection point at v/V ^ i/z, and this point corresponds to a ■value of 
— log (5) from which /C m maj be calculated (cf Fig 4) In this manner 
Michaelis and IMenten found a \aluc of 00167 for the invertasc prepara- 
tion tlicy used The ihlichaclis constants of a great many enzjmes have 
been determined and have been found to vary from values as low as 
1 X 10"® to values as high as 1 

The method described above for the determination of Km is somewhat 
cumbersome, and simpler procedures have been devised^ If one takes 
the reciprocal of tlic ISIicJiaelis-Mentcn equation, the following equation 
IS obtained 

^ - K:m + (S) 

V V(S) V Us)J V 

LineweaverandD Burk,y Am Chem Sac, 56, 658 (1934), B H J Hofstee, 
Science, 116, 329 (1952), G S Eadie,tbKf, 116, 688 (1952) 
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constant for tlie dissociation of ES to E and S After combination ^ith 
the cnzjinc to form LS, S is comertcd into the products of the o\er-all 
reaction, thus making E a\ailable for further combination \Mth more S 
The rate of the con\ersion of ES to the products of tlie reaction ma> be 
indicated bj the constant / a, and the complete process invohes a step- 
wise scries of reactions 

It 

-f S LS — >• Products -F E 

kt 

Although tlie theory of the enzj me-substrate compound in enzjmic 
cataljsis has long been in the literature, direct experimental evidence for 
the existence of such compounds has been difficult to obtain In 1943, 
however, Chance described an ingenious ntw method for the studj of 
rapid cnzjmic reactions and applied it to measurements of the rate 
of combination of peroxidase with “ This reaction leads to a 

marked change in the absorption spectrum of the heme protein, and it 
is therefore possible to demonstrate spcctroscopicallj the existence of 
tlio pcroxidasc-HoOo compound in the solution Tliere will be further 
occasion m Ciiapter 14 to discuss Chance’s data m connection with the 
properties of the hemc-containing cnzjmes, for the present it suffices to 
cite the above result as one of the most convincing demonstrations of the 
renlitv of the enzj inc-substratc compound postulited b> Henri from 
the 8tud> of tlie substrate dependence curve of invertase action 

The first satisfactorj imthcmatical Ai)a]>sis of the effect of substrate 
concentration on the reaction velocity of onzjmc-cataljzed reactions was 
made in 1913 bv Micliaolis and Mcntcn® Becanso of the important 
place their contribution has come to occup> m biochemistry , it is neces- 
sary to discuss m some detail the derivation of the equation whicli they 
proposed to describe the diphasic character of the substrate dependence 
curv c 

Mirbaclis and Mentcn assumed, as did Henri, that the enzyme com- 
bines with the substrate, and tliat the rate of decomposition of the 
substrate is proportional to the concentration of the intermediate cnzvme- 
substrato complex In the derivation of their equation, the following 
symbols will be used 

(A) = total concentration of enzyme L (eg, invertase) 

(5) = total concentration of sub-^tratc 5 (eg, sucrose), so 
chosen that (S) is much greater than (/’) 

{I'S) - conci ntralion of enzv mc-snbstrate complex 

(P) — (/ S) = toiiceiitration of free enzyme 

•II CInner J liiol Chern 151t 553 (1913) /It/iancor m J-mymol. 12» 153 
(lOol) 

3L Midi ipIjs and M I Mcntcn Iliochcm Z 49,333 ( 1913 ) 
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Although the Michaelis-!Menten equation and its vanous modifications 
have been of the greatest value in the study of the kinetics of enzjme- 
catalyzed reactions, the reader must be reminded of the assumption that 
the experimentally determined value for represents the dissociation 
constant of ES Bnggs and Haldane® pointed out that this a'^sumption is 




rig 5 Plot of l/v against I/(S) 
according to method of Lmewoaver 
and BurL 


Fig 6 Plot of (5)/v against (S) 
according to method of Linen caver 
and Burk 



Fig 7 Plot of u against vj (S) according to the method of Eadie 

\ alid only if the \ elocity of the di'^socintion of ES is much greater than the 
rate of its conversion to products and E For example, one may denote 
the rate of formation of ES by the term Ki[[E) — (ES)](jS), and the 
rate of decomposition of ES by the term [A-s{£?S) -f where 

Li, kn, and k^ have the same significance as before (cf p 251) Th® 
over-all rate of change in the concentration of ES is therefore 

= kME) - (BS)](S) - k^iBS) - f,(ES) 

So long as the rate of the reaction (p) is constant, then (ES) is constant 
3G E Bnggs and J B S Haldane, Biochcm /, 19, 338 (1925) 
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This js Xnon Ji as the Linc^ca^ er-Burk equation, and its great advantage 
becomes e\ident if one plots 1/v against l/{5), as jn Fig 5 Since the 
equation is linear in form, there results a straight line with its intercept 
on the ordinate at 1/V The slope of the line is Kn/V, and, since V can 
be determined from the intercept, may also be calculated It will be 



fig 4 riot of viV ngam«t —log (5) for ln^e^tn«e (Dita of Michaelis and 
Mcntcn '*) 

noted from Fig 5 that the straight line intersects tlic abscissa at a \aluo 
of l/fS) equal to — 1/A’n, Another graphical procedure for the calcula- 
tion of hm and of V from experimental data on u as a function of fS) 
m\ oU cs the multiplication of both sides of the Lincw oa^ er-Burk equation 
bj (Sj to gi\c 

=:^ 4 - 

V ] V 

If (S)/i IS plotted against (S) (cf Fig C), a straight line results, the 
■'lope IS I/r and tiie intercept A„/l The line intersects the abscissa at 
a \aluc of (5) equal to —K„ In a thual method of linear plotting 
(proposed b> Eadie), the Michnclis-Mcnton equation has the form 



If t’ i** plotted against the rc‘«uUing straight line (slope —Km) 

liat- nn intcrccjit on the ordinate at 1 and on the ab**cjtM at r/A'„ (cf 
Fig 7) For most purposes, the two litter metliods art more sitisfactorj 
for (he determination of V and of 
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The Unities of many enzyme-catalyzed oxidation-reduction reactions 
invohes a second-order constant L4, which is defined by the equation 
— d(A)/fif = A,4 {ES) (A) Under these circumstance's, the concentration 
of S for half-maximal velocity is iC„ - [k^ + L4(A)]/Li It will be 
noted that L4(A) is equn alert to the term A,*} in the kinetic equations 
for enzyme-catalyzed hjdrolj.«is, where (A) is considered constant 
Another limitation of the ^Iichaclis-Alenten equation, as derned abo\e, 
IS that the enz>mc-catal>zcd conversion of a substratehnaj in\ohe se-v- 
eral discrete enzyme-substrate compounds of different chemical structure 

£ + S — > ESi — > ESii EStn E -i- products 

If, under a gi\en set of conditions, the reaction ESi^ ESu is rate- 
determining, then the kinetic data will describe the sequence 

E -f E + products 

However, under another set of experimental conditions, the reaction 
ESii ESin ma> be the slowest step, w ith ESn as the rate-determinmg 
intermediate In general, therefore, the "Michaehs compound’' is the 
enzyme-substrate intermediate that is rate-determining under a p^en 
set of conditions 

In a rc\erMble cnzjme-cataljzed reaction A ;=iB, the forward reaction 
A B will be characterized by a Michaehs constant Km*' and maximum 
%elocit> Vp, the corresponding constants for the re\crsc reaction B-»A 
may be designated and Vr For some re\ersible tnzimic reactions 
(eg, fumarase, p 234 ), thc^c constants art related to the equilibrium 
constant K by the relationship K * YrKn^/ViiKm* 

For further discussion of the assumptions implicit in the ^Iirhaehs- 
Menten equation, and of efforts to pro\ ide more generalized treatments, 
see the articles by Alberly® and by Huennekens* 

Inhibition of Enzyme Action 

An important application of the Alichaehs-AIenten equation and of 
the Linew ea\ er-Burk plotting method is the mathematical analysis of the 
action of inhibitors One must distinguish between two general tjpes 
of inhibition of enzyme action The first of these, in which the inhibitor 
competes with the substrate for the cnzjrae, has been designated com- 
petiti\ e inhibition Here the extent of inhibition depends on the relatne 
concentrations of substrate and inhibitor, and, if the substrate conecn- 

TR A Albert! et al . J Am Ckem Soc, 76, 2485 (lOM) 

®R A Albert! , Advances in Empmol, X7, 1 (1956) 

M Hiicnnekens, in 5 L Fness and A ejssberger, Inicsitgation of Enles 
and ^lechanisms of Reactions, latcrecicnce Publishers, New Vork, 1953 
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and the term d{ES)/dt = 0 Under these circumstances, 

rrrqx _ _ (EHS) 

“ h{&) + /2 + /3 (5) + [(As + A3 )Ai1 

If the quotient (A-a + A.3)/Ai is set equal to K„, this expression is the 
same as that domed by Michaelis In other words, the calculated 
from a set of experimental data inaj not be the true dissociation constant, 
it onl> approaches A-2A1 ''hen A,® is much greater than k; In most 
cnzjine-catalyzcd reactions, A.3 is sufficientl> large to affect the equilib- 
rium E+S-;:^ES, conscqucntl) , unless it has been shown experi- 
mentallj that Ao is much greater than Aj, the reciprocal of K„ is not a 
measure of the association between E and S (1 e , enzjme-substratc 
affinit>), as originallj assumed (cf p 250) 

The most generallj useful statement of the kinetics of an enzyme- 
cataljzcd reaction is the integrated form of the AIichaelis-Menten 
equation which has been dc' eloped bj a number of in' estigators (cf 
Ncurath and Schwert®) and may be given as 

= 2 SOSK™ log + j: 

It Will be noted tliat the right-hand part of tins equation has a first-order 
term, which corresponds to the situation when all of the enz>mc is not 
saturated with substrate, and a zero-order term, which applies to tho 
situation wlien the maximal \clocit} has been attained When Km is 
large, the first-order term will predominate, when Km is small, the zero- 
ordtr term will become rolati'clj more important Tlio equation also 
indicates that a plot of x/t against (lA) log [n/(n — a:)J will gi\e a 
straight line with a slope of — 2303/v« and an intercept of K^iE) For 
tiic determination of the turno'cr number of on enzjmc (p 211), zero- 
order kinetics must applj Under these circumstances, V = A3 (ES) = 
A . (A) , all of the enzame is in the form of the enzjme-substratc comjilcx 
The turno'cr number is therefore ^•\'=V/(E), bj con\ention, 1 is 
denoted in moles of substrate con'trtcd per minute, and {E) in moles 
of enzj me 

In the abo'c dcri'ation of the Mieluelis-Mentcn equation for the 
enzMnic hjdroljsis of sucro‘-e, the participation of water was neglected, 
since its concentration is much greater than that of tlie substrate For 
an cnzjmc-cnt'Ijzed reaction S + A -^product", where the concentra- 
tions of both S and A undergo significant change, and the enzyme 
combines specificall' with S, the sequence of c^cnts ma> be written 

/' 4- S ^ ^ ES + A — E + products 
\ciinth nntl G " Stliwcrl, CAcm /?«» 16, 69 (1950) 
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straight line is (/C„/T')[l + (I)/Ki] and the intercept is 1/F Since 
K„ may be determined in the absence of an inhibitor, the value of A, may 
then be ealculated It mil be noted that the effect of a competitive 
inhibitor is to increase the slope of the line by the factor [1 + (T)/Ai] 
without a change in the intercept 1/F (cf Fig 8) In other words, if 
the substrate concentration is large enough, the effect of the inhibitor 
can be overcome 



Fig 8 Competituc mhibition of carboxjpeptidase b> (c) i>-phen} hlanine, (W 
phenj lacetate, (c) hjdrocinnnmatc [From F Elkms-Ixnufman and H Neuratii, 
J Bwl Ghent , 178, 647 (1949) ] 

The action of an enzyme on one of its substrates may be inhibitet^ 
competitively bj another substrate For example, trypsin hydrolyzes 
the ester linkage of benzoyl-L-argminc ethjl ester and the CO — 
linkage of benzo>l-L-argininamide (Chapter 29) The amide is a 
competitive inhibitor in the enzymic hydrolysis of the ester, the value of 
Ki IS approximately equal to that of K„ for the hydrolysis of the amide 
by trypsin 

In tlie presence of a competitive inhibitor, the integrated form of the 
MichacUs-Menten equation may be written as follows 

h(E)t = 2 303 [a'„ + log + a: 

For examples in which this equation has been successfully applied, *oc 
A Bernhard J Am Chem Soc, 77, 1973 (1955) 
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tration is high enough, the maximal Aelocity attained is that found in the 
absence of the inhibitor Among such competiti\e inhibitors are fre- 
quently found the products of an enzjme-catalyzed reaction, thus glucose 
is a competituc inhibitor in the action of invertase on sucrose The 
second type of inhibition is termed noncompetitive, here the inactivation 
of the enzyme depends solely on the concentration of the inhibitor, and 
the maximal velocity attained is less than that found m the absence 
of the inhibitor Examples of noncompetitive inhibition are the action of 
heavy' metal ions such as Hg-+ or Ag"*" on various enzymes and the 
action of cyanide on an iron-porphyrm enzyme In general, inhibitors 
of this kind combine vvith some part of the enzyme essential for catalytic 
action, but the exact mechanism of inhibition differs with individual 
enzy roes 

For the application of the Miehaelis-Mentcn equation to the competi- 
tive inhibition of enzymes, one must consider not only the reaction 
sequence E -h S^ES~* E products, but also the equilibrium E + I ^ 
El, where I denotes the inhibitor In the presence of a competitive 
inhibitor, therefore, the concentration of free enzyme is given by the 
expression [(£) — (ES) — and the dissociation of the enzyme- 

inhibitor compound is defined 

^ [(E) - (ES) - (E/)](J) 

m 

The over-all rate of formation of ES is 

= hm - (i?S) - (EIWS) - K2(ES) - h{ES) 


At the steady state of the reaction, d{ES)/di = 0 and 
.. (5)[(z:) - {El)] 

bubstituting for {El) (from above equation for A<)> 

(rsv = 

^ ^ ^ K„K, + A,,(/) + A. (5) 

In a manner similar to that used m the dcnvation of the Michaclis-Menten 
equation one obtains the expression 

. I f<S)A'. 

A«A.+A'«(/)d-A.(6) 

'Ihc modification of this equation by the nicthotl of kinew caver and 
liurk gives 

Xou, if l/v IS plotted against 1/(5), as before, the slope of the resulting 
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It IS a striking fact that, in general, substances that exert a competitive 
inhibitory effect on a gi\en enzjme arc closelj related in chemical struc- 
ture to the substrate of that enzyme One of the classical cases of such 
inhibition bj structural analogs is the inhibition, by raalonic acid 
(HOOC — CH 2 — COOH) of the enzjme that catalyzes the con\ersion of 
succinic acid (HOOC — CHg — CHo — COOH) to fumanc acid The 
concept of competitue inhibition has been invoked to explain the mode 
of action of certain antibacterial agents, such as sulfanilamide which is 
thought to interfere competitu ely in enzyme reactions inv oh mg p-aimno 
benzoic acid (Chapter 39) 


H.N(^ 

SuUamlimide 


k^COOH 

^Ami&obeiuoie aod 


The "Active Center" of Enzymes 

The concept of the enzyme-substrate compound is a basic idea in 
enzjme chemistry and has been buttressed by an impressive bodj of 
experimental data It is natural that there should be speculation about 
the linkages involved in the union of an enzyme v\ith its substrate It 
has been assumed that each enzyme molecule has an active catalytic 
center of precisely defined chemical structure and that the combination 
with the substrate occurs at this center This is a plausible hjpothesis, 
but it is difBcult to examine expenraentally because such cataljdic centers, 
if they exist, are parts of complex protein molecules The task is made 
even more difficult bj the fact that the cataljdic action of an enzjme 
protein is usually observed only when the protein is m the native state, 
treatment that leads to denaturation of the protein also destrovs the 
enzymic activity In a very real sense, therefore, questions concerning 
the mode of combination of an enzjmie with its substrate and the 
catalysis of a reaction involving that substrate are intimately connected 
with more general problems of protein structure which still await solution 

Many experimental efforts have been made with several purified 
enzjunes to identify the structural elements that are responsible for 
catalytic activity For example, the proteinases crystallized by Northrop 
and his associates (cf Chapter 29) are not present in the appropnate 
tissue as such, but in the form of enzjunically mactive proteins (some- 
times termed zymogens) which may be crystallized and characterized 
In fact, one of the most homogeneous proteins jet isolated is the pancre- 
atic protein named chymotrj psinogen, which maj be converted into a 
proteinase (chymotrj psin) through the action of cataljdic amounts of 

H Quastel, Bnt Med Butt, 9, 142 (1953) 
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the article by Ncurath and Schwert® A similar equation has been 
eniplojcd forjhe situation in \\Iiich one of the products of the reaction 
IS a competitne inhibitor, but here (/) increases as the reaction 
proceeds “ 

In the presence of a noncompctitn e inhibitor, the maximal xelocitj 
attained ^mII bo less than that found in the absence of the inhibitor 
Tlie Llnewea^cr-Bu^k equation for this t>pe of inhibition is 

As be seen from Fig 9, tlic effect of a noncompctitn e inhibitor is 
to increase both the slope and the intercept of the line bj tiie factor 



fig 9 >ioncompcUU\e inhiUtUoa ot ens^mc action 

[1 + {I) /hi] Tlic difference in the nature of the Linen eat cr-Burk plot 
for compctitnc and noncompctititc inhibition thus protides a quantita- 
titc means of distinguislung between the two Sctcral instances liatc 
been reported in which the inhibition is of an “uncompctititc” tjpe, 
where the inhibitor combines witli the cnzjinc-sub‘;trate complex but not 
with the free cnzjmc For further di'‘CUs'-ion of these equations and 
addition il liter iture citations the reader i« referred to nrtlcIc^ In 
Albcrtt,*' Iluennekcns,® Mns««art,’' and Fncdonwald and ^facngtwjn- 
Da\ Its 13 

"ID Irintr Jr ninl M I ‘'I* i>lipn«on / lUnl Chem 169, 3o9 (1917) 

12 1 Mis. irt m J H Siiinmr and K M\rlncV,, The ht ymt^ Acidrmic Prcs-J 
New^ork 1950 

13 J ‘s I rirnlpn" iM nnil G D MirnRtwjn-Divir-' m \\ D McFlroj and I) Gksg 
The Mechnia^vi of fntyinr Ufton Jo*in% Hopkirs? Prcss Ikltimoro, 1951 
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centers per enzjme molecule, although there is evidence that m some 
enzjmes (eg, chyraotrypsm), only one actne center is pre&ent per 
protein molecule 


Activation of Enzymes 

The conversion of chymotrjpsinogen to chymotrypsin, m the presence 
of trjpsin as tlie cataljst, follows the kinetics of a first-order reaction 
Otlier zjraogens, such as trypsinogcn {the precursor of trj'psin), maj aho 
be 'actuated" bj catalytic amounts of trjpsm Here, however, the 
newly formed trypsin serves to accelerate the activation and the form 
of the rate curve is S-shaped, which is characteristic of an auloeatalj'tic 



Fig 10 Autotatnhtjc oclufttion of an ensj'me precursor 


process {cf Fig 10) If trypsmogen is converted to trjpsin at a pH 
value at which trypsin itself has no appreciable catalytic action, the 
reaction again follows the kinetics of a first-order process The latter 
situation was demonstrated m the activation of trj’psmogcn at pH 45 
by a proteinase obtained from a mold Enzymes that convert zymogens 
to the corresponding active enzyme are frequentlj termed kinases A 
physiologicalij important kinase is the enterokmase of mtestinal mucosa, 
which catalyzes the conversion of pancreatic trypsmogen to trjpsm 
{Chapter 29) 

Frequent reference will be found in the literature to other modes of 
activation of enzymes For example, the addition of metal ions to 
certain peptidases, amidases, and phosphatases greatly increases the 
catalytic actuitj of these enzymes*'^ Also, the addition of suHhvdrvl 
compounds such as cysteine favors the action of a number of intracclluHr 
protemases It is not possible to generalize extensively about the mode 
of action of these activators, and discussion of this question may be post' 

A L Lehmnger, Physiol Revs , 30, 393 (1950) 
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another proteinase, trypsin It has been shown that the con^e^slon of 
chjinotr\j)Sinogen to the acti\e protein ise apparentlj in\ohcs the 
clea\age of a single peptide bond (Chapter 29), and that the catalytic 
center of chjinotrjpsin is thus made a\ail«ible for action The presence 
of an “active center” in this cnzjme is further indicated bj experiments*"* 
winch showed that the reagent diisopropvlphospliorofluoridate (diisopro- 
pjlfluorophosphate, DFP) docs not react to an appreciable extent with 
clij motrypsinogen, but that one molecule of clivmotrvpsin combines 
with one molecule of DFP with the complete inhibition of the cataljtic 


(CH3)2CH-0 o 

V 

/ \ 

(CH3)2CH— o F 

Dimprop} ifluorophoapbale 


activity of the enzjmc Although this inhibition maj be caused by the 
reaction of DFP with the hjdroxjl group of a serine residue m chjmo- 
trjpsin, the nature of the grouj) attacked bj DFP lias not been established 
uncquiv ocallj 

The enzjmes ribonucloasc and papain maj be subjected to selective 
hjdroljsis of some of their peptide bonds with retention of catahtic 
activitj This provides further evidence for the view that the entire 
protein molecule maj not be required for cnzjmic activitv, and that 
the cata!j*-is is efTcctcd bj a relativcl} restricted region of the enz5ine 
protein 

Kinetic studies liavc aUo been applied to tlic problem of the active 
center of tnzjmcs For cxiinplc, an examination of the variation of 
k'l with Jill maj be expected to indicate the pK' value of a group that is 
involved in tiie tnzvinic cataljsi'« Experiments of this kind have led 
(lutfrcund’'’ to conclude that the catnljtic center of trvpsm contains 
an imidazolvl group, since A,-} is markcdlj dependent on pH near pH G, 
wlicre the iniidnzolium grouj) has its yiA' (cf p 94) 

The po'^sibilitv exists that some cnzvine proteins have more than one 
acti\e center, and tint each cnzjiiic molecule cm combine with more 
than one suh-trate molecule at a time If scvcril active centers are 
present in a single cnzjine, and if thej act imlependentlj of each other, 
the ob'crvtd kinetics mij be expected to be tlic same as for an enzjme 
with a single cntalvtic site However, if the several cataljtic sites do 
not function indejicndcntlv , the kinetic behavior mav be more complex 
At jvrcstnt, it is difiicult to define unequivocallj tlic number of active 


* \ K HalU and I I Jan rn yli/tanff* in Fn.j/mul 13, 321 (1952), Js K 
SchafTcr rt nl J litol Chem 202, G7 (19o3) 

•®1I Gutfrciind Tram /flradnj/ 5f>c, 51, 411 (1955) 
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against 1/T (of Fig 11 ) The slope is equal to A/2 303F or i/4^8 A 
review by Sizer*® lists the -values of A for a large number of enzjmc 
catalyzed reactions On the whole, the values fall within the range 1000 
to 25,000 cal In biological studies, ifc has been occasional!} the practice 
to substitute for A the term ft It maj be added that \alues of p. ha\e 
been determined for a \ariety of physiological phenomena (see Crozier^®) 



000310 0 00330 0 00350 0 00370 

Reciprocal of a6sofu<« temperature 1{T 


rig 11 Arrhenius plot of data on h>Urol>fiw of /?“gljcerophosphato by bone phov 
phatages The value of A (or p) was calculated from the slope and was found to 
be 9940 cal over the temperature range studied [From 0 Bodanskj, J Biol Chem, 
129 197 (1939) J 


Thus the rate of creeping of ants, of the chirping of crickets, and of the 
flashing of fireflies all appear to have p values near 12,200 ca! Th® 


respiratory rhythms of a number of animal species, and the frequencj 
of heart beat, arc characterized b> a /* of 16,700 Clearly, these phjsio* 
logical processes involve the integrated activity of a number of chemical 
reactions however, the over-alJ rate was considered by Crozier to be 
determined b} the slowest of these component reactions (the “pacemaker 
reaction), and therefore the p value of the slowest reaction would deter* 


mine the temperature dependence of the over-all rate 


W Sizer, Advances m Emymol, 5, 35 (19J3) 
W J Crozier, J Gen Physiol, 7, 189 (1024) 






KINETICS OF ENZYME ACTION 


263 


poned until some of the individual enzjmes that exhibit such activation 
behaMor are considered In some instances, hoi^ever, it Ins been dem- 
onstrated clearlj that activation processes of this kind involve the binding 
of an inhibitor, as in tlie combination of cjsteine with inhibitorj heavj 
metals Here the state of homogencitj of the cnzjme preparation is 
clearlj of importance, and it is frequently noted that the purification of 
an enzjme appreciably alters its response to a substance previouslj 
thouglit to be an “activator" 

When an activation results from the combination of an added substance 
(e g , a metal ion) with an enzjme, it cannot be concluded from kinetic 
data alone that the substance has become part of the “active center" 
The possibilitj must be considered that the activator combines with an 
enzjmic group different from the site at winch the substrate is bound, but 
that this alteration of the enzyme leads to a change in the catalytic 
properties of the active center This possibility also applies to the 
inhibition of enzyme action Hence, kinetic data on activation and inhi- 
bition do not in themselves provide information about the mode of 
combination of an enzj me w ith a substrate, an inhibitor, or an activ ator 


Effect of Temperature on the Rate of Enzymte Action 

In general, increase in temperature results in an acceleration of a 
chemical reaction If one describes the increase m rate constant for a 
10-degree change b> the symbol Qi© and sets the rate constant of an 
imaginary reaction equal to unity at 0®, then, if Ojo = 25, the v ariation 
of the rate constant with temperature will be found to be 


Temperature O'* 10® 50® 100® 

Rate constant 1 2 5 97 0 9537 

In 1889 Arrlicnius examined tlic available data on the effect of tem- 
perature on the rates of chemical reactions and proposed tlic following 
equation 

dlll^ _ A 
(IT ~ IfT^ 


where K i*! the reaction velocity constant, R is the gas constant (1 987 
cal per degree per molt), T is the absolute temperature, and A is a 
con«=tant IntcgrUion of this equation between Tj and T^, corresponding 
to velocity con'-taiit‘> / , and rc&pccliv tlv , gives the equation 




1 <■ 111 lit c ilcuhlctl from llic slope of tlic line obtlinid on plotting log K 
\ G Og'lon /)uiruJnoru Faraday Soc , 20, ICI (I95G) 
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raately equal to {RT/Nh.)K*i T\here R is the gas constant, T is the 
absolute temperature, N is A\oga(Iro's number, and h is Planck’s constant 
(6 62 X 10“27 erg sec) The standard free energy, enthalpj, and 



Fig 12 Schematic formulation of the mechanism of a reaction, according to 
Eyring 

entropj of activation, i e , for the reaction a + 6 products, may be 
denoted AF*, Aff*, and AS* respcctucly Since /v'*“ 

= AH* - T AS*, 

Nk Nh 

The relationship of this equation to the integrated Arrhenius equation 
(p 265) maj be seen from the fact that, for solutions, AH* = A + 
thus, for high actuation energies and for low temperatures, the e\pen- 
mentally determined \alue of A (or ft) is approximately equal to Aff * 
the standard enthalpy of activation The term (RT/Nh)e^^'^^ is approxi- 
mately equal to the term PZ of the equation based on collision theory 
(p 205) 

When enzyme-catalyzed reactions arc considered from the point of vieir 
of transition-state theorj, at least two activated complexes must be con- 
sidered, one m the reaction E + S^BSi*:^ES, and another m the 
reaction H5:;=±H52* products (cf Pig 13) When the substrate 
concentration is sufficiently high so that all of the enzjmc is m the form 
of ES, it IS possible to calculate for the activation of ES (i e , ES ^ ' 

th 2 values of AF* (from determinations of ks), of AH* (from the temper- 
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An alternate e form of the integrated Arrhenius equation is 

In A = ^ + In C or k = 

Kl 

where C is a constant The empirical constant A assumed theoretical 
significance when it was recognized that A denotes the apparent “energy 
of actuation” (£*) that molecules must acquire before they undergo 
reaction under a guen sot of conditions According to one theorj, which 
assumes that the rate of a chemical reaction depends on the frequencj 
of collision of molecules haaing enough energy to react, 

/ = PZe-^*iB^ 

where / is the number of molecules reacting per second per unit aolume, 
Z IS the number of molecules colliding per second per unit \olume, and 
P IS a stone factor which depends on the relatuc onentation of the 
reacting molecules The exponential term is a measure of the fraction 
of the molecules ha\ ing excess energy E* or more, and E* is defined ns 
the minimum cnerg\ that reacting molecules must acquire before thc\ 
will react An alternatuc statement of the abo\e equation is 

log ; = log (PZ) - 23557^ 

An extrcmclj important advance m the understanding of the energj 
of actuation was made bj E>nng‘* Instead of limiting himself to the 
assumption tliat a successful reaction occurs onl> when “rcnctuo” 
molecules, 1 c , those hav ing an cncrg> of E* or more, collide, he pictures 
the mechanism of a chemical reaction as shown schomaticnllj m Fig 12 
Here the ordinate denotes cnci^>, and it is assumed that the reactants, 
m order to be converted into products, must acquire an increment of 
cnerg} El*, and pas^ through a “Irm-sUion state” in winch an actuated 
complex is present The reverse reaction, products a -f 6, requires an 
increment of cntrgN E™* to form the actuated complex The cnergj 
change in the reversible reaction « + b ^ products is therefore 
/ »- Ej* -- E_* It must bo emphasized tint the rate of the reaction 
n + 6 “^products depends on the magnitude of /’i*, and doc': not bear 
anx nccc«5arx relation to the energv' change E Hence a knowledge of 
a// or of Af for a given reaction cannot be used for the calculation 
of the rate of the reaction 

In the tran"ition-state thcorv it is assumed that the reactants (eg, 
n and 6) arc m equilibrium v\ith the activated complex (ah*) , the cqui- 
hhnuni constant of the reaction a -f b;=iab* is denoted bj the sjmbol 
A* The rate constant k of the reaction a + byproducts is approxi- 

2*11 I%nnR J Chem 3, 107 (1935) II rjrinBand \ L Stenrn, CAcm. 

2W (1039) 
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■K’m ^ 2 Ai> the Arrhenius beat of activation at lo^ substrate concen- 
trations corresponds to the sum of and A//®(S -f 5), as illustrated 
m Fig 13 

If the ^ alues of n or of aH* for an enzjmc-cataljzed reaction (at high 
substrate concentration) are compared ^sith values found m the absence 
of the cnzjmie or v\ith a noncnzjmic cataljst, it is frequentlj found that 
the heat of activation of the cnzjmic reaction is much loner than that 
for the nonenzymic reaction Thus, in the decomposition of H 2 O 0 bj 
cataln'sc, the value of ft is about 2 kcal, when cataljzed by colloidal 
platinum, ^ = ca 12 kcal, and, when no cataijst is added, ;* == ca 18 
kcal Determination of A//* for the hjdroljsis of urea, catalyzed by 
hjdrogen ion and b> urease, have given values of about 24 5 and 10 kcal 
respcctivelj -- Such comparisons of values for ft or for Aff* are valid 
if the difference in the corresponding values for AS* is not great In 
general, it may be concluded that the role of an cnzjrae is to cause the 
formation of an activated complex at a lower energ> level than that 
of the activated complex formed in the absence of cnzjTne (cf Fig 13) 
It must be surmised that tliesc two activated complexes are somewhat 
different in chemical nature 

The stud^ of the effect of temperature on the rate of cnzjme-cataljzed 
reactions has led therefore to tlie important generalization that an cnzvaie 
lowors the cnergj barrier which substrates must overcome before thev 
can be converted into final products Some idea of the effect this mav 
have on the rate of a cliemica! reaction ma> be gained from a considera- 
tion of the following relationship between v’alues of ft and the corre- 
sponding first-order v elocitj constants (at 25® C) 

ft k, sec“* tyi 

10.000 7 7 X 10* 9 X 10-® sec 

15.000 1 7 X 10* 0 004 sec 

25.000 SOX 10-^ 145 nun 

It will be noted that a decrease in ft from 25,000 to 15,000 cal increases 
the rate constant bj a factor of about 10® 

In Fig 13, the standard enthalpy change in the ov er-all reaction is 
denoted A//® (reaction) This energy change, as well as the change m 
free energy (aF®) m the reaction, is independent of the path by which 
the reactants are converted to products, as noted earlier, the function 
of the enzyme (at low enzyme concentrations) is to speed up the attain- 
ment of equilibrium without altering the equilibrium concentrations It 
must be reiterated that there is no necessary relation between the free 
energy of activ'ation aF* or the enthalpy of activation Aff* and tli® 
standard free-energy change aF® or the standard enthalpy change A// 

“K J Laidler and J P Hoare J Am Chem Soc, 72, 24S9 (1950) 
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aturc-dependenco of K 3 ), and of AjS* by means of the equations 
RT 

Nh^ 

dln^L3 

dT RT^ 


AS* = 


A7/* - AF* 
T 


For sc\eral protcoI>tic enzymes, AF' for the activation of ES is in the 
range 13 to 19 kcal per mole, A//* m the range 10 to 16 kcal per mole, 
and AS* in the range — C to —23 cu* These values arc based on the 



Fig 13 I ntlnlpj ciimRos in nn cnz>mc-citnl}zcd reaction (solid cur\e), and com- 
pari'on of heats of flclJ\ntion for cnz^mic and noncsz^mic catnljsis 

assumption that 1 enzjme molecule combines ^ith onlj 1 molecule of 
-uh-tratc 

\t low substrate concentrations, the magnitude of /v,„ is significant in 
determining tile rite of ancnzvmt catalv zed reaction (cf p 255) Itwill 
he recalled that Am “ (^j + K»)/ki When ko is mucli greater than 
/ 1 , Am maj be considered nn e(|uilibrium con«tnnt, and Af ", A//®, and 
AS" in the reaction A + S^TS maj be determined b> means of the 
following equation* (1) aF ® — — AT In (1/A’m) - ATln A'm, (2) 
djln (l/A„)l/ff/ " A//®/Ar2, (3) AS" - (A//" - A7")/r IIowc\cr, 
‘•nice u'-uallv Am is not 1 true equilibrium constant, such values have no 
true thcrmo(fMuniic significance unices it lias been dcinonstr ited c\i)cri> 
rnentnllj that /o much greater than /g For the special case where 
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reaction may be illustrated by means of data on catalase^^ (cf Fig 15) 
It will be noted that tlie plot of log k against l/T sho^s a \alue of 
fi “ 4200 calf in the temperature region tv here the rate of HoOg decom- 
position IS increasing, and a \alue of /x = 51,000 in the temperature 
region where the rate is decreasing Occasionally, reference will be 
found to the “temperature optimum” of an enzyme, under the conditions 
of Sizer’s experiments this is 53° C Since the temperature optimum is a 



Fig 15 Effect of temperature on the rate of decomposition of hjdrogen peroxide 
by catalase (From I W Sizer 25) 

resultant of two effects, both of which are profoundlj influenced bj the 
presence of impurities, the pH of the solution, and other factors, this 
temperature value is of dubious significance in the characterization of 
an enzyme For example, crude preparations of myokinase (p 459) are 
relati\elj stable to heat, but m more highly purified form the enzjme 
IS extremely heat-labile Occasionall> , enzymes present in a cell extract 
may appear to be “activated” by heat treatment, as a consequence of 

251 W Sizer, J Biol Chem, 154, 461 (1944), E Hultm Ada Chem Brand, 9, 
1700 (1955) 

t The value of ^ ~ 4200 for catalase is too high, as shown b> R K Bonnichsen 
et al [Ada Chem Scand , 1, 685 (1947)1 Their more careful measurements wi^ 
punfied catalase were conducted under conditions where the enzyme is not destrojed 
m the course of the reaction The correct v alue of /t is probabb near 1700 cal 

25 W J Bowen and T D Kerwm, Arch Btochem and Biophys , 64, 278 (19o6) 
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in tlic o^cr-all reaction In other ^\ords, the chemical lability of a 
substance in a gi\en rc\orsibIe reaction, as indicated bj kinetic data, 
cannot be inferred from the energj changes in tlic o\cr-all reaction 
Tlie conclusions discussed abo\e appH under conditions uhere the 
cnzjme is stable, this limits the experimental in\cstigation of the effect 
of temperature on the rate of the enzjinc-cataljzed reaction to a rela- 
tl^el> narrow range In general, if a wider temperature range is studied, 



rig 14 Effect of Icmptralure oa the rite of cnzjmc action 

it IS found that the rate of onz\mo action first increases with mcrcabing 
temperature, and then decreases abruptlj, as shown bj the cur\c m 
Fig 14 Tlic abrupt docrca«e m rate is associated with the thermal 
inacti\ation of the cnzjmc bj dcnaturation In general, tlic \alues of 
ft for protein dcnaturation ho m the range 40 to 100 Kcal-'* In the 
rcttrsiblc dcnaturation of ch> motrj psinogen at pH 2 and 47 2® C, 
All* — 84 5 kcal, AV* “ 20 kcal, and AS* ^ 202 eu From equilibrium 
measurements, All° ** 99 0 kcal, Af ® « — 14 kcal, and A^S® = 310 cu-^ 
Ihoec data indicate tiic importance of the entropj changes in protein 
dcnaturation (cf p 234) , the large increase m the entropj of acti\ation 
sufllccs to faaor dcnaturation dc«pitc the largo cnthalp\ of actuation 
The uvunl procedure m studMng the effect of heat on an cnzjmc 
preparation u to ■subject a “ohitjon of the cnzanio to a certain temperature 
for a stated period of time, to cool the solution, and to dctcrininc the 
rc-i(lual cnzMiie acluit> lender thc«c conditions the rate of enzjme 
inactuation luuallj follows the kinetics of a first-order rciction Tlic 
coinpo'itt effect of temperature on the rate of an cnzjmc-cataljzcd 

II \rurUli rl nl Ch<tii lien 3t, 157 (IDH), A I Steam, Acftancca in 
Fn'Utrio! 9,25(1919) 

-‘M A I I rnhcrK am! O " Sclmcrt J Gen Phynnl 31, 5S3 (1951) 
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useful datum m its characterization, it must be emphasized that tlie value 
found for one substrate may not necessarily apply to all substrates for 
that enzjme Also, the control of the pH lequircs the presence of buffer 
ions w’hith frequently have an influence on the cataljtic actnitv of 
enzj mes 

In a consideration of the effect of pH on the rate of cnzymc-catalyzcd 
reactions, at least three factors must be borne in mind The first of these 
IS the influence of pH on the stability of the enzyme As noted before, 
nearly all enzymes arc sensitive to extremes of acidity or alkahnit), and 
certain enzvmcs, such as pepsin, arc readily inactivated even nt neutral 
pH -values For this reason, m a determination of the pH optimum of an 
enzyme it is desirable to know the stability of the enzyme over the pH 
range employed There arc many pH-dcpontloncc curves m which the 
drop m rate on one side of the optimum is due to enzyme inactivation 

A second factor in the relation of pH to the activity of enzymes arises 
from the fact that enzyme proteins, hkt other proteins, aic multivalent 
dipolar ions Their dissociation depends, tlicrcforc, on the pH of the 
medium Although it is not yet possible to specify precisely the nature 
of the protein groups involved in the formation of enzyme-substrate 
compounds, it has been assumed that the steep portions of a pH- 
dependence curve correspond lo the dissociation of ionizing groups on 
the enzy me In this manner, estimates have been made of the “pK’ v alues 
of groups thought to be essential for the cntalvlic activity of trypsin 
(cf p 261), acetylcholine esterase,-* and fumaraso^® General treatments 
of the effect of pH on the kmctic constants of enzyme-catalyzed reactions 
have been developed by Wnlcv*® and by Dixon 

The third factor of importance is the dissociation of tlie substrate If, 
for example, a peptide, in order to be liydrolyzcd by a peptidase, must 
combine via its uncharged «-amino group with the enzyme pH value'' 
that favor a relatively higii concentration of the conjugate base, 
against the charged form, will also favor more rapid reaction 

In general, therefore, tlie dissociation of the substrate will influence the 
character of the pH dependence curve and the pH optimum 

Specificity of Eniyme Action 

The specificity of a catalyst may be defined operationallv by intro- 
ducing the catalyst into a sufficiently large number of sy stems, tlicrmo- 
dynamically capable of reaction, and observing the selectivity of the 

28 r Bergmann ct al, Biochem 63, 6S4 (195C) 

A Alberty ot al, / Am Chem Soe, 76, 2185 (1954) 

G Walcj, Bwchim el Biophj/s Ada, 10, 27 (1953) 

M Dixon, Biochcm J , 55, IGI (1953) 
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the denaturation of a heat-Iabile inhibitor It maj be added that, 
in general, enzjmes arc less readih denatured bj heat in the presence of 
their substrates than m their absence, this huggests that the actne center 
of many cnzjmes maj be the region of greatest instability in the thermal 
denaturation of enzyme proteins 

Effect of pH on the Rate of Enzyme Action® 

Brief reference has already been made to the importance of the control 
of pH in enzyme experiments This was first pointed out by Sprensen 
in 1909, and many studies ha^e been conducted since that time on the 
dependence of the rates of enzyme-catalyzed reactions on the pH of 



rig 16 Dependence of rate of enrjine action on pH (a) Pep«in, (b) glutamic 
ii(i(I (lecarbo^jli e, (f) <ilnar\ aiiijhM*, {tl) ar^inasc 

the 'olution The result usually obtained on plotting the rate against 
pH IS shown m Fig 10, and it will lie noted that, at a certain region of pH, 
the actl\lt^ of the enz>me appears to be maximal The pH ^alllc (or 
region) at which such maximal actnitx is obacrwcd is termed the pH 
oiitnmmi Purified tnzMiits xary grcitly m tlicir pH optima For 
example, pep^m acts optimally on proteins at about pH 2, whereas 
pancrtitic carho\^pcptlda‘•t has its optimum at about pH 8 Some 
tniMucs cxlnlnl rclUwcU sharp pll optima, and here the pH must be 
controlled \ crx carefully , others ha\i jiH optima that extend o\ cr sc\cral 
pH iimt** (eg, catila-e) Although the /iH ojitimiim of an enzyme is a 
2' M N Swnrtz ct nl , •Science, 123, 50 <195G) 
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For example, certain peptidases are not restricted in their cataljiic action 
to CO — NH linkages beti\cen two amino acid residues, but can also act 
at CO — bonds, in which onlj^ the carbonjl group is part of an 
ammo acid residue , therefore, the peptidases can beha^ e like the so-called 
amidases Furthermore, it has been shown that certain highlj purified 
peptidases and proteinases can act at ester linkages, consequentlj, there 
IS not so sharp a line of demarcation between the peptidases and the 
esterases as was first belie%ed 

Perhaps the most serious difficultj in the classification of cnzjmes is 
that most of the known cataljtic activities arc associated with enzjine 
preparations of uncertain homogencitj (cf p 217) The difficult} is 
greatl} increased when the substrates cmplojcd m the stud} of the 
specificitj of an cnzjmc preparation arc of uncertain or complex chemical 
structure Thus, as long as the complex proteins w ere the only substrates 
available for the studj of the specificity of the proteinases (e g , tiyiisui, 
pepsin), or onlj the complex nucleic acids were available for the study 
of ribonucleases, it was not possible to define unequiv ocallj the specificit} 
of these enzymes Although, at the present state of knowledge, a rational 
classification of the enzymes on the basis of their specificity is not pos- 
sible, the list gnen on p 216 may be useful as a compendium of the 
names assigned to the better-known groups of enzymes 

The truly' remarkable features of enzyme specificity emerge more 
clearly from a consideration of a group of catalysts that act at similar 
linkages Since the enzv'raes that act at CO — NH bonds have been 
examined most carefully from this point of view, the specificity of the 
peptidases and proteinases may be considered first (see also Chapter 29) 
Crystalline pancreatic carboxy peptidase hy'drolyzes CO — ^NH bonds in 
substrates of the general formula 

R' 

1 I 

RCO— NHCHCOOH 

A structural requisite of substrates of this enzy'me is the presence of a 
free a-carboxyl group adjacent to the peptide bond to be hydroIyz«l 
Carboxy peptidase will not hydrolyze the peptide bond of gly cy Igly cm- 
amido (NHoCHoCO— NHCH 2 CO— NHa), but this substance will sene 
as a substrate for a different tyjic of peptidase (aramopeptidase) which 
requires in its substrates a free a-ammo group adjacent to the sensitive 
peptide bond For the action of certain of the proteinases, the sensi- 
tive peptide bond must inv olve the participation of particular ammo acid 
residues For example, crystalline trypsin acts at the CO — ^NH linkages 
that involve the carbonyl group of a lysine or arginine residue, substitu- 
tion of either of these bj another ammo acid prevents enzy'inic action 
Similarly, crystalline chy'motrypsm acts at linkages in which the carbonyl 
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catnijst m its effect on tlie rates of the reactions exaramed Although 
cnzjmes are characterized bj a high degree of specificitj, this property 
IS not limited to cnzMiies alone For example, the reaction 
CH3COOH + CeHsNHo-^CHsCO— NHCcHs + HoO 

IS specificall} cataljzed bj strong acids such as picric acid, and the rate 
of the reaction is proportional to the concentration of the cataKst Here 
the catahsis is due to the intermediate formation of the aniline salt of 
picric acid Another example of noncnzjmic catalysis ^^hlch exlnbits 
specificitj is the decarboxjiation of o- and ^ff-keto acids in the presence 
of amines^- In all these instances the cataljsis depends on the forma- 
tion of an intermediate compound which leads to an activated complex 
at a lower energj level than that required in the absence of the cataijst 
The spccificitj of cnzjmcs differs from the specificitj of simpler 
organic cataljsts in that it is much more restricted The nature of the 
chemical reaction cntaljzed bj a given enzjme is, therefore, the most 
characteristic feature of the enzj me For tins reason enzj racs arc usuallj 
classified on the basis of tlicir specificitj Tlie classification presented 
on p 216, and others to bo found m various text and reference books on 
enzj mo chcmistrj, are based mamlj on the finding that each of the large 
number of enzymes identified thus far cataljzcs a given tjpc of chemical 
reaction One speaks, therefore, of the “absolute specificitj ” w ith respect 
to the tjpe of reaction cataljzod Consequently one refers to hjdroljtic 
enzymes (lijdrolascs) which act spccificallj atgljcosidic bonds (gljcosi- 
dascs), at peptide bonds (peptidases), at ester linkages (esterases), and 
so forth Although tins basis of classification is useful ns a rough guide, 
its rigid application maj lead to confusion and misunderstanding The 
so-called lijdroljtic enzjincs cataljzc the attainment of equilibrium in 
reversible reaction^, lud therefore can also cataljze the condensation 
reaction's which arc the reverse of the hjdroljtic processes Furthermore, 
certain of (he hvdroljtic cnzjmcs have been shown to cataljze bimolcc- 
ular reaction'! in which a sub>*lratc reacts, not with water, but with an 
organic alcohol or amine Here one I^ dealing not with a hjdroljsis or 
simple condensation, but with a “rtplaccmcnt” reaction, the example 
given below is i tran^eslcrificition,” catalvzeil bj an esterase 
RCO— OU' + iron RCO— OR" -f R'OII 

In a ‘•imilar inanmr, pcptidi'cs catalvzc “transpeptidation" reactions 
The imiiortancc of thc«c replacement rcictions in the activitj of the 
so called hvdroUtic enzvmes Im been appreciated onh rcccntlj 
Another disadvantage of the currciitK cmplojcd cla‘''ification schemes 
IS the con^idcrible overlapping of a number of the groups of cnzjmcs 
Innpcnbcck \dianccs m II, IC3 (19j3) 
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organic chemistry are of special importance for progress in the under- 
standing of the mode of enzyme action 
In the quantitatn e study of the specificity of an enzyme, it is found 
occasionally that, of a large number of related compounds, onl> one can 
ser\c as a substrate A classical example is the enzyme urease, ivhich 
appears to be specific for urea Any substitution of the urea molecule 
thus far attempted renders the bonds resistant to hydrolysis b> the 
enzyme Here, in addition to an absolute specificity with respect to 
reaction type, the enzyme exhibits absolute spccificitj for only one 
substance, namclj, urea On the other hand, a senes of related com- 
pounds all may serve as substrates for a single purified enzyme, but may 
be attacked at different rates This situation is exemplified by carboxy- 
peptidasc, whose action on a senes of carbobenzoxyglycylamino acids has 
been studied The following relative rates of hydrolysis were found 

Carbobcnzoxyglycyl-ii-phcnylalanmc 100 
CarbobcnzoxygI}c>l>L-t>rosino 46 

Carbobcnzoxyglycyl-L-lcucmc 20 

Carbobcnzoxygl>cyl-L-isolcucine 4 

Carbobenzox>glycyl-i/-alanmc 0 3 

Carbobenzox} gly cylgly cine 0 004 

Such marked differences in the action of one enzyme on a senes of sub- 
strates are usually taken as evidence of “relate o specificity ” Another 
enzyme whose relative specificity has been studied carefully is ^-gluco&i- 
dase (Chapter 18) HeUcnch showed that variation in the nature of R in 
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a senes of /3-gIucosides led to significant differences in rate of hydrolysis 
^\^len dealing with enzymes of dubious homogeneity, it is sometimes not 

3-'M A Stahmann et al J Dial CAem, 164, 753 (1940) 

28W W Pjgman, Advunce$ tn Enzymol, 4, 41 (1914), R L Nath and H N 
Rydon, Biochem 7, 57, 1 (1954) 
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CH2NH2 

CH2 

■CO— NniHCO-NH— 

Substrat« for Irj-psin 


OH 



1 I 

— CO— nhchco~nh- 

Substrate for chyinotrj-psin 


group of tjrosmc, phen>lalanmo, tryptoplian, or, to a lesser extent, 
methionine, is in\ol\ed Tims tr>psm will not act on the same peptide 
bonds as chjinotrjpsin, nor will chj motrj psin attack the linkages broken 
by trypsin Unlike carboxj peptidase and aminopeptidase, neither trj’psin 
nor chymotrjpsin requires the presence of free a-amino or a-carboTj! 
groups m its substrates 

For the esterases, tlie spcciricit> of the indiMdual members of this 
group IS largclj dctci mined bj tlic nature of tlie alcohol that is invohcd 
in ester linkage Lucr estensc appears to be spccificallj adapted to 
the hydrolysis of simple cstcrj> such as methyl butyrate, while the princi- 
pal estci -splitting enzyme in pancreatic extracts is a lipase that acts 
preferentially on glycerol esters of fatty acids (Chapter 24) A different 
group of ostornses is specific foi the hxdrolysis of esters such as acetyl- 
choline m which the nitrogenous alcohol choline is inxoKcd, the'ic 
enzymes arc termed acetylcliolinc esterases 

(CH3)3NCH2CH20-0CCH3 

Aor(>lrholiiM‘ 


These examples can be multiplied, but the discussion of the specificity 
of md^^ idual cnz\ nic^ may be appropriately postponed until their role in 
metabolic proecs'-cs is considered Some general conclusions about the 
specificity of enzymes may be drawn at this point, howeier For a more 
extensile discussion, see Helfcnch'*' 

In the fir-t place, for the study of enzyme sjiecificity , the amiability 
of purified enzymes must be sujiplemcnted by substrates of known 
chcinic'il structure Only when «uch substrates arc n\ iilabic is it possible 
to establish uncqiiiiocally the nature of the chemical reaction that is 
being catalyzed, and only then can one modify the structure of tlic sub- 
•strates so as to determine the effect of changes in substrate structure on 
the action of an enzyme For this reason the methods of synthetic 

“ M UTrpniiiin nn<l J S fniton Adtanceti m f-ntyiriol 1, C3 (lajl) 

H< Ifrricli, in J II ‘^uinoor ami K Mjabuk, 7/ic \cadcmic Prc'w, 
\cw york, 19o0 
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H 



metric character of other enz> me-catalyzed reactions Stated generallj , 
it suggests thatj for an enzyme reaction to proceed m an asymraetne 
manner, tlie substrate must ha%c a definite spatial relationship to the 
enzjme, and tliat there aic at least three points of specific mterachon 
bet^v ecn enzyme and substrate 

It IS a logical consequence of the “polyaffinity" hypothesis that the 
actne center of an enzyme must lia\c an asymmetric character, and that 
the stereochemical specificity of enzymes is m part the expression of the 
asymmetric nature of protein moletules (p 83) The question may be 
raised, but cannot non be answered, whether two enzymes that catalyze 
the same type reaction but difter m their stereochemical specificity ha\c 
stercochemically opposite catalytic centers 

The consideration of the specific interaction of enzymes and their 
substrates by leads to a clearer picture of the mode of the^ 

action of competitive inhibitors If an inhibitor and a substrate haae 
certain groups m common, and the inliibitor can combine by means of 
these groups with one or more of the essential groups m the acti\e center 
of the enzyme so as to pre\cnt the approach of the corresponding groups 
of the substrate, competitne inhibition may be expected 

It will be obMous that the mere combination of an enzyme w?t)i a 
gi\cn ‘jubstance does not necessarily lead to the catalysis of a chemical 
reaction in\ohing that substance Nor docs the lalue of for an 
enzyrme-'substrate complex m itself gne information on the rate of the 
themical reaction, when all of the enzyme is m the form of the enzyme- 
substrate compound, the value of L 3 describes the rate at which the 
products of the reaction are formed (p 255) In some instances, the 
specificity of an enzyme may be described by a comparison of values’ 
of 1 . 3 / 2 3Kfn (denoted Cn,#*) for a series of substrates® 

The foregoing discussion of the specificity of enzames has emphasized 
the exceptional selectivity that they exhibit in the catalysis of thermo- 
dynamically possible reactions It will be seen from the later considers* 
tion of the properties of individual enzymes, and of their metabolic role, 
that this group of catalysis, by virtue of their specificity, can direct 
A G Ogatoa, Nature, 162, 963 (1918) 
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immediatclj c\ident ^\hcther all the compounds acted upon b> a gi\en 
preparation are substrates for a single enzjnie Occasional!} it is possible 
to demonstrate that partial mactnation of a giacn enz}me preparation 
leads to a parallel decrease in the rate of reaction for the senes of sub- 
strates empIo\ cd Though this is not conclusne cMdence that onl} a 
single enz} me is under studj , it strengthens the argument that such is in 
fact the case 

Pcxlnps the most slnkitig aspect of tUe speafvcitv of enzymes is tlicir 
abiliti to select between enantiomorphous compounds This ma} be 
termed stereocheniical «pccificit} For example, carbox} peptidase, which 
catalyzes the hidroljsis of carbobenzox}gl}C}l-L-phen}lalanine, has no 
measurable action on carbobcn 20 x}gl}cyl-D-phcn}lalnnmc Also, the 
/?-glucosidase, mentioned aboie, is inactiic m promoting the h\drol}sis 
of ct-glucosidc‘5, winch differ from yS-glucosulcs m the configuration about 
carbon atom 1 of the glucose unit As will be seen later, the enz}mes 
tlmt cataljzo the oxidatnc deamination of ammo acids are slnrpl} 
differentiated in tlicir action on tlic l- and D-forms One speaks, there- 
fore, of I -ammo acid oxidases and of n-amino acid oxidases 

These examples of stcrcoclicmica! spccificit} iniolac an absolute dis- 
crimination between onantiomorphs Enz}incs mn} be cited, liowcicr, 
tlmt exhibit what ma} be termed rclatiic stereochemical spocificiti (c g , 
partiall} purified cetera*© preparations attack both the d- and f-fornis 
of opticall} actne esters, but at different rates) Thus l-mandchc acid 
mcthil c«!ttr is h}drol\zcd b\ swine Iiicr esterase about twice as rapid!} 
as the d-isomcr 

Man} iinc«itigalor‘5 lla^e proposed theories to account for the remark- 
able «clccti\it} exhibited b} cnzimcs All these theories begin with the 
ba*-!© issumption tint the enzimc combines with the sub&trate In order 
to e\p\am t\it abiht} oi an cnz}mc protein to cata)}zc a particular 
rhcmital reaction, it n furtlicr assumed that the combination with the 
substrate mint in\ol\t a particular spitial relationship between certain 
o'-ontinl group*? of (lie substrate and certain parts of the cnz\me molecule 
For example, it has been n^uincd that, in the formation of the cnzimt- 
substrite complex between carbox}peptida«c and a specific substrate, the 
cnzMiie bind", in a particular wa\, the tcrimiml o-carbox}! group of 
the ‘•ul)"trite and ‘•oim. part of (he CO — XU bond tlmt is broken 
during tlic re iction In addition, it i» thought that there must be a 
epccjfit mutu il orient ition of the "ide-cham group of the terminal ammo 
irul ri'iduc in tlie eub-tritc ind a group m tlio cnzMiic Tim tlicoiw, 
wliicli ina\ be illmtratcd b\ the dngram on p 278, Im been termed the 
“pull ifllmlN ” Ihcon of enziint action*’ The pohafiimt} tlicor} has 
b(cn ‘■uccc"'-ful m expl lining tin. sttrcochcimcal cpccificiti of tlie pcpti- 
da'et and protein nc" ind li is aNo been iniokod to explain the a'Jim- 
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which IS known to be dependent on the presence of metal ions Other 
examples of experiments with “cnzjme models” of known stnictuTc will 
be mentioned later, these simple catalysts share with enzymes the 
property of changing the mechanism of a chemical icaction to a different 
mechanism that has a lower energy of activation, although the non- 
enzymic catalysts do not exhibit the specificity shown by enzymes 


coo- 
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Since enzymes may be expected to have moic than one point of 
interaction with their substrates {cf p 277), "poly functional” model 
catalyst*; arc of special interest for enzyme chemistry Thus 2 -hydro\y- 
pyndine is a more effective catalyst of the mutaiotation of tetramethy 1- 
glucosc than is an equivalent mixture of phenol and pyridine/® 
presumably, the location of the acidic phenolic group and the basic 
nitrogen in 2-hydroxy pjndmc favors a two-pionged concerted attack 
by the catalyst on the substrate 


n-^oh 


2-lIydro*>‘p>'ndine 

For the hydrolysis of esteis, catalyzed by hydroxide ion, kinetic and 
isotope sUidies^^ indicate that the following mechanism accords best 
with the data 


HO- 4- l:~OR' ; 


o- 


o 

II 


^ HO— C— OR' ^ HO— C + -OR' ■ 

i I 

R R 


0 

-I + HOE' 


Tlie hydroxide jon is thought to donate a pair of electrons to the carbonyl 
carbon atom, the resulting transition-state complex gives rise to an 
unstable intermediate in which the R and OR' groups are atiU attached 
to the carbon, and which decomposes as shown It wnll be noted tha 


■*®C G Swam and J F Brown Jr>J Am Chem Soc,74, 253S (1952) 

L Bender J Am Chem Soc, 73, 1G26 (1951), M L Bender and B ' 
Tumuuost, tUd , 77, 4271 (1355) 
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preferential!} sequences of chemical reactions in Ining cells Enzymes 
thus scr\e not on!} as accelerators of biochemical reactions, but as 
directors of metabolic patlmays as well 

Mechanism of Enzyme Action 

The recognition that the selecti\itj of enz}mic catalysis is related to 
the specific combination of a substrate with an acti\e site of an enzjme 
protein has led to efforts to elucidate the mechanism of cnz}me action 
through the identification and characterization of enz}me-substrate inter- 
mediates Because of the manifold \arict} of known enzjmos, and the 
wide (lifTerenccs m the nature of the chemical reactions the} catalyze, 
the intimate mechanisms of the action of induidual enz}mcs arc often 
■ver} different In later pages of this book, the meclianisms of several 
cnz}mc-calal}zed reactions will be discussed, to the extent that the} 
have been elucidated A few examples ma} be cited lierc, however, to 
indicate some of tlie experimental approaclics that have proved fruitful 

Studies on the mechanism of enzvmc action have been piofoundly 
influenced b} the knowledge gamed from work on the nonen 2 }mic 
catal}sis of organic reactions^® In the examination of the mechanism 
of a reaction catal>zod b} a simple substance of known structure, a 
varict} of methods has been used Among these is the determination 
of kinetic con«tants as functions of changes in the composition of tiie 
solvent, and of the structure and concentration of the reactants and 
the catal}st, another technique depends on the use of compounds labeled 
with Isotopes (Chapter 10) Similar general methods have been applied 
to the studv of enzv mc-cataUzed reactions, but, since the chemical struc- 
ture of the active sites of cnz}incs is largclv unknown, the interpretation 
of the data is more difficult thm for the noncnzjiuic catal}sis by sub- 
stances of known structure However, where similarities have been 
observed m tlie catal}sis of a reaction bv an cnz}mc and bv a simpler 
substance whovc lucchanism of action is known, it has been possible to 
formulate h}pothc5:Cs about the mechanism of tlic enzjmic catal}sis 
For example, the dccvrboxvlation of ^-keto atids ‘•uch as dinicth}!- 
oxaloacctic acid is catihzcd bv metal ions such as Cu-+, this has been 
attributed'’'* to the fornution of a clitlated intermediate and to the 
attraction b} the positive 1\ chargee! copper ion of electrons aw a} from 
the )?-carbo\vl group, with the liberation of COo (see p 2S0) This 
mcohani-m mi\ ‘■nnulatc the cnzvinic deenrbox} htion of /3-kcto acids, 

K Infold '^tnicluTt ntui Mechanism in Organic Chctiiw^lrg Cornell Uni- 
^rr'itv Prf'" Itliini lOo.! \ A I rtMt nnd It O IVir-ori Kvirties an>l l/cc/jonum, 
John t\i\rv A ''on.-* Ncav XotV. 

It ‘'Uinlxrpcr nn«l I II \\ CHlhcimcr, J Am Chnn Vjc , 73, 429 (1051) 
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(eg, L-phenylalanmc) m nhich the a-aramo group is acjiated (cf 
p 274), It appears probable that an acjl-i-plienjlalanjl-eazjroc is 
formed as an mtermediate To account for the speciBcity of chvuio- 
CHcCcHs 

RCO— NH<!tHCO— OR' + ehjmotrj'psin 

CHsCcHs 

RCO— NHiilCO— chjTnotrypsm + R'OH 
|+BS> 

CHjCcHs 

RCO— NHlIlHCOO'- + H+ + chjmotij-psm 
trjpsin, it IS neccssarj to assume that the cnzjrae interacts qiecificallv 
with the acjl-L-phcnjIa!anjl portion of the substrate molecute, not onh 
at the sensitue carbonjl group, but at oilier points as well It ma> be 
ailded that the intermediate formatjon of an ocjlphcn>!aIan>l'eazme 
18 indicated bj the fact that chjTiiotopsm catalyzes not onl> bjdroijsi#, 
but also the transfer of the acj Iphenj lalan> I group to ammes (Chapter 
29) Furthermore, if an ae> I-L-phenj lalanme is incubated with chymo* 
trjpsm in water enriched with respect to the isotope i’ 

incorporated into the carbovjlate group of the acjlainino acid** In the 
absence of enzjme, no significant incorporation is obseiwed 
Although the nature of the “esteratic site’’ of acetjlchohce esterase 
or of ch^THOtri psin is still unknown, kinetic studies of several enzyme; 
that act at ester and amide bonds ha^e suggested that the imidazom 
group of a histidine residue maj sene as the basic electron donor, an 
that the acjl-enzyme maj be, m some cases, an acjl-imidazole 
dernatne 

The Isotope technique has proied to be an extrcmclj \aluablc too 
for the study of the mechanism of cnzj'mic reactions In addition to the 
instances cited abo\c, isotopic compounds hai e been used to test hjpoth- 
eses about the nature of enzjmc-substrate intermediates in enz>*nic- 
catalyzed reactions For example, if, in the reaction A'B 4- O'* 
B + D, the enzjme E combines with the A portion of A-B to form 
F-A, which reacts with C to giAe the products, the reaction sequence is 

(1) A-B + FTseC-A + B 

(2) E-A + C-^r-f B 

Thus, if unlabcled A-B and isotopicaUj labeled B (denoted B*) 8*^ 
B Sprjnson and D Ri<lent)cr« \ature, 167, m (1051), F Va^low, 
eiBwphyn Ada, 16^ m (1355), M t Bender aod K C Kemp.J Am 
79, 111. 116 (1957) 
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the cleavage of the ester occurs between the carboml carbon and the OR' 
group (“acjI-o\jgen fission”) This Tvas demonstrated e\perimentallj 
b> conducting the hjdrol 3 8is in the presence of nntcr enriched ^Mtli 
respect to the ovjgcn isotope of mass 18 (0^^), and bj finding 0^® in 
tiic carbo\} late group of RCOO~ but not m R'OH An entirclj analo- 
gous result nas obtained for the eiizjniic hjdroljsis of acetj Icholine bj' 
acetj Icholine esterase (p 275) , nhen the reaction occurred in the presence 
of H 2 O 1 ®, the isotope appeared m the carboxjlate group of acetate ■*- 


Anionic site Esteratic site 

I I 



CH, — '*N CHj CHj 0 C 0^") 


CH3 CH3 

rig 17 I’o'tiihtrd intcnction betworn ««tne group* of neetjicholme esterase and 
it* ‘•u\>*tntc (From Wilson 

rurtlicrrnore, from a studj of the kinetics and specific inhibition of 
acotilcholinc esterase, \\ lUon** lias concluded that the cnzjmc-siibstratc 
compound maj be do'crilicd as shown in Fig 17 According to this 
li>pothcsis, i baMC group G of the “esteratic site” of tlie cnzjme donates 
an electron jiair to the carboinl carbon itom, witii the formation of an 
unstable intermediate analogous to that postulated for lndro\ide ion 
citahsi> Tins mtermedute is thought to decompose with tiie elimina- 
tion nf cholmc (as R'OH) ami the formation of an “ac\l-cnz 3 inc” in 
winch the acct^I group (RCO— ) remains bound to G The icjl-cnzjmc 
h\(Irohzed b\ water to fonn RCOO“ and to regenerate the basic 
group Ct of tlie cnzMiic The assumption of m “anionic site” (cf Fig 17) 
15 ba^cd on the ob«cr^ cd tlTects of inhibitors, and pro^ idcs an explanation 
of the sJ)tclficlt^ of the enzMiie Here a nogatuclj charged group on 
the enzxmc i* tiiouglit to combine with tlic positnelj cliarged tnmethjl- 
ainniomum grou]) of the substrate 

The hxpolbcMx of the intermediate formation of acjl-cnz\iiics m the 
enrMuic Indrolj^-is of enters has reccixcd '-upjiort from work with seieral 
enz\nlc^ other than ncct^ Icliolinc c-tera<-e l\ ith chjiiiotrjpsin, whicli 
liMlroKze- mod elTectiich tders or aimdc*> of aromatic i-amino acids 

^ ^tMn iin.l I) I I\o-lilmd Arch lUoehrm nml Rtophys 15, 407 (I9o3) 

I II \\ il on m \\ I) McFtroA and II GIi-*, VrfAonwMi 0/ / mymr /Iction, 
Jolini Ilojikin’* I’rcv* Ililtimorr 
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Oxidation and Reduction 


In order to permit the enzymic catalysis of endergonic reactions, euch 
as the fejntheisis of proteins from ammo acids, these reactions must be 
supplied ^ith energy arising from cvergonxe processes It is a general 
biochemical property of living matter that the occurrence of energ)- 
requiring reactions is linked to reactions m nhich energy is released, the 
meclnnisra and rate of tlie transfer to endergonic processes of cnerg) 
released m cvcrgonic processes are determined by the nature of the 
cnzyrac-c'italjzed reactions invohcd in the coupling It is therefore 
important to knon something of the enzymes tliat cataljze biochemical 
reactions in nbich enorgj is released, one may then consider the 
mechanisms hereby the action of these enzjracs is linked to other 
enzyme-catalyzed reactions that require energy 
The principal energy-yielding reactions m higher forms of h'mg 
matter are those involMng the oxidation of food materials In animals, 
the oxidation of carbohydrates and fats is the major source of chemical 
energy for the maintenance of normal structure and function The 
complete oxidation of these foodstuffs involves the conversion of carbon 
compounds to CO2 and HoO with the concomitant release of eaerg)' 
Many microorganisms are able to obtain chemical energy from processes 
that do not mvolv^e the ultimate participation of molecular oxygen, hut 
many of the exergonio reactions that occur “anaerobically’” are closely 
related to component reactions in the oxidative breakdown of carbo 
hydrates and fats Even m animals, under conditions of oxygen lack, 
some tissues call into play energy-yielding reactions that are anaerobic 
m character Although the more detailed discussion of these various 
exergomc processes will be postponed until the appropriate chapters 00 
the intermediate metabolism of carbohydrates and fats, it may h^ 
reiterated that, in the unicellular organisms classified as aerobes as 
as m multicellular species, the major source of chemical energy is derived 
from the oxidation of food materials by molecular oxygen 
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incubated in the presence of the cnzjme (no C is present), then after a 
suitable time the substrate A-B 'nill be found to be labeled (A-B*) 
Ho\\e\er, if labeled A is used m place of labeled B, no label ^\ill be found 
in A-B Such “isotopc-cxcliange” reactions ha\c been used for the 
study of tlie mechanism uherebj adenosine triphosphate participates in 
important biochemical processes In caaluating the data obtained in 
this manner, ho^\c^c^, it is important to consider the homogencitj of the 
enzyme preparation, and to be certain that tiie o^ er-all reaction 
(A-B + C->B + D) and the isotope exchange {A-B + B*^A-B* + B) 
are citahzed hj the same enzjine 
The U‘:e of isotopes, especiallj O’®, has been aaluablc for the deter- 
mination of the site of enzjmic clea\agc, not onl> of esters and amidcb, 
but also of phosphate compounds and of glycosides For example, it lias 
been shown that, m the enzymic hydrolysis of adenosine triphosphate to 
adenosine diphosphate and inorganic phosphate, the clca\age occurs 
between tlic oxygen and the terminal phospliorus atom, since in the 
presence of H^O’® the isotope appears in tlie inorganic phospliatc As 

H , 0’®H 


II II • li 

Adenine — nbose — P— O— P— O tI’—OH 

< i : I 

OH OH ; OH 

will be seen from the later discussion of pliosjihory la'Jos (Chapter 18) 
tliat act on compounds of the general type B — OPO-jHj, isotope studies 
ha^c shown the site of clca\age to he at the bond between the R group 
and the oxygen atom, rather than between the oxygen and the phospliorus 
atoms ’ 

Other Isotopes that lia%c been used with success for studios of the 
mechanism of cnz^mlc reactions arc deuterium (the hxdrogen isotope of 
mn«s 2) and tritium (the Indrogcn isotope of ma«s 3) , tlicsc ]ln^c gnen 
significant information about the mode of action of dehydrogenases, of 
fumarasc, and of aldoli-e In particular, the use of the hydrogen 
i^otojics has proMilcd striking cxjdencc of the ■'tcrcoclicmical specificity 
of tnz\me action e\cn at noinsMnmctnc carbon atoms Some enzymic 
reactions occur it an asMiimctnc carbon itom with retention of the 
original configurition, in other rcictioiis there i*: an in\crftion of the con- 
figuration (Walden miersion) The mechanism of tlicsc ^arlous 
ructions max he more jirofitihly considered later, in relation to the 
projiertics of tlie indixidinl cnzMncs inxolvcd 

M Cohn Ihiiehim rl Ilinphif^ leta 20, **2 (IOjC) 
r Ko-'lil'ind ihol 7/ft «, 20, lie (I9 j3) 
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in the body is due at least in greater part to the transformation of oxjgcn to 
carbon dioxide during the process of respiration 

A fe^ \ears later, in 1785, Lavoisier recognized that he had been 
incorrect in supposing that respiration involved only the oxidation of 
carbon As a result of more careful quantitative measurefnent of the 
respiratory quotient, he realized that a portion of the oxygen was used 
for some process other than the oxidation of carbon to carbon dioxide, 
and concluded that some of the oxygen was used for the oxidation of 
hydrogen to give water In 1780 he could not have known this, becau=e 
the latter reaction was not discovered until 1781 by Cavendish 
The century that followed Lavoisier’s discoveries witnessed many 
modifications and extensions of his basic ideas The sites of the oxidation 
of metabolites were shown by Pfiugcr (3875) to be the cells and tissues, 
as foreshadowed by the studies of Spallanzani (published by Senebier 
in 1807) With the emergence of enzyme chemistry during the latter half 
of the nineteenth century, it was recognized that biological oxidations 
are catalyzed by intracellular enzymes, then termed "oxidases” (Ber- 
trand, 1897) , these were believed to be metal compounds that activate 
molecular oxygen The work of Baitclh and Stern* was of special 
importance in emphasizing the role, in cellular respiration, of the enzymic 
oxidation of metabolites such as succinic acid From the subsequent 
work of Wicland and Thunberg- it became clear that biological oxidation 
involves the loss of hydrogen atoms from a substrate (dehydrogenation) 
Around 1925, there ensued an active discussion about the relative impor- 
tance of the enzymic activation of molecular oxygen and of the enzymic 
activation of bound hy'drogen It will be seen from the succeeding 
chapters that the oxidations studied by the early investigators are 
catalyzed by multicnzyme systems, involving a sequence of enzyme 
catalyzed reactions, and that both "oxygen activation” and "hydrogen 
activation” are important Some aspects of the history of this subject 
have been summarized by Kcilin and Slater^ 

In modern studies on biological oxidations, the manometric apparatus 
invented by Barcroft and Haldnnc in 1902 and improved by' Warburg 
xn 1923 has been of decisive importance More recently, the apparatus 
has undergone further modification to increase its sensitivity ® A suitable 
biological preparation (tissue slices, a tissue extract, or a solution o 

Battclli and L Stern, Ergebn Physiol, 15, 96 (1912) 

2T Thunberg Ergebn Physiol , 39, 7G (1937) 

3D Keilm and E C Slater, Bnt Med BiiU, 9, 89 (1953) . 

■* VV VV Umhrcit ct al Manometnc Techniques and Tissue Metabohsm, d 
E d, Burgess Publishing Co, Minneapolis, 1919, M Dixon, Manomclrtc Methods, 
3rd Ed , Cambridge Univ crsitj Press, Cambridge 1951 
5D Burk and G Hobby, Science, 120, 640 (1954) 
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One of the most important of these nutrients is glucose, or compounds 
chemicnllj related to it To maintain life on this planet, it is nccessarj 
to ha\c a mechanism for rcicrsing the continual oxidation of glucose bj 
In mg things The principal method of achicMng this is the utilization, 
bj chlorophjll-bearing plants, of solar energj for the synthesis of glucose 
from CO 2 and HoO This process is termed photosynthesis It i\as 
noted earlier that the standard free-energy change at 25® C m the oxida- 
tion of glucose to CO 2 and HoO is about —690 kcal The pliotosynthetic 
organisms thus use the energy of sunlight to achiex e an cndcrgonic process 
with a Ar ®298 of +690 kcal per mole of glucose In a sense, therefore, 
these organisms arc the truly productne members of the biological popu- 
lation of the earth In terms of tlicir energy requirements, they are 
self-supporting ('‘autotrophic”), morco\cr, they enable animals and 
other “hetcrotrophic” organisms to subsist It will be clear, therefore, 
that the process of photosynthesis is the means whereby the continued 
occurrence of cxorgonic reactions, in\ol\ing oxidation of glucose, is made 
possible In the succeeding chapters, consideration will be gi\cn to the 
way in which energy derned from the oxidation of glucose and otlicr 
carbon compounds is made axailablc for useful work Some of the 
knowledge about the mechanism of photosynthesis will be summarized 
m Chapter 22 

The scientific study of the mechanisms of biological oxidations may 
be said to lla^o begun with the work of Laxoisier, who in 1777 showed 
that during respiration, animals rcmoxc oxygen from the air Ho con- 
cluded that this uptake of oxy gen continues until the animal has absorbed 
all the a^allablc oxwgon and lias conxerted it into carbon dioxide In 
1780, in a joint research with Laplace, Laxoisier measured the ox-ygen 
intake and COj output of guinea pigs and established the quantitatue 
relations m this respiratory' exchange of gases, the ratio of the number 
of moles of CO 2 produced to the number of moles of Oo taken up is 
u'iiialh termed the “respiratory qiiotient”{U Q ) If it is a'^sumed that 
the bohaMor of the two ga^e^ approximates that of an ideal gas, 
Axogadro’s law may be applied Therefore, 

Q _ ^ oliimc of CO> produced (at standard temperature and pressure) 
^'oUmlc of Oj taken up (at standaitl temperature and pressure) 

LaxojMcr ami Liplacc aNo measured tlit beat production of an ammal 
and compared the luiount of beat producc<l with the amount released 
when cirhon was burned m the presence of tlic quantity of oxxgcn 
consumed by the animal 'llicir conclusions were stated as follows 

‘*mc( we !n\t fomul the two quantitirs of heat to be nearly the saim, we 
can conclude directly and without h\pothe<is that the production of animal heat 



288 GENERAL BIOCHEMISTRY 

right-hand limb, the \ olumo and vapor pressure of the fluid, the solubilitj 
of o\jgcn, and the temperature and atmospheric jircssure 
The rate of oxygen uptake by a tissue preparation is usually expressed 
in terms of ^^hJch equals the microlitcrs of 0^ (at standard temper 
aturo and pressure) taken up per milligram of dry eight of tissue per 
hour (cf lable 1) The manometnc apparatus may be used, in a manner 
similar to that described aboxe, for the measurement of the rate of absorp- 
tion or relea'sc of gn'ses other than o\ygcn Thus, if CO 2 is exoUed, one 
may speak of 1 e , microlitcrs of CO 2 given off per milligram of dry 
weight of tissue per hour For further details about the many raodiBca- 
tions of tins important technique, sec the monograph by Umbreit et al ,* 
cited above 

Table I Rate of Respiration of Several Tissues and Organisms 


Rat kidney slices 

Temperature, 

"C 

37 

—Qch 

21 

Rat brain slices 

37 

14 

Rat bver slices 

37 

0 

Human spermatozoa 

37 

1 

Asotohacter 

28 

200-4000 

Yeast 

28 

0 4-0 8 

"Yeast (in glucose) 

28 

40-80 

Chhrclla (in glucose) 

25 

5 

Neuro’ipora (dormant spores) 

25 

0 25 

^exirosporn (germinating spores) 

25 

19G 


Oxidation-Reduction® ^ 

The term oxidation was considered by Lavoisier and his contemporaries 
to refer to the addition of oxygen atoms to the substance being oxidized 
The opposite process, that of reduction, was defined as the removal of 
oxygen from an oxide During the nineteenth century numerous reaction^ 
were discovered in which hydrogen atoms were lost from organic com- 
pounds, and these reactions also were termed oxidations The addition 
of hydrogen atoms to a compound thus would represent a reduction 
Furthermore, the term oxidation was applied to reactions such as the 
conversion of a ferrous ion (Fe"+) to a feme ion (Fe3+) , here there is 
a loss of an electron Tlic reverse process, the addition of an electron 
to a ferric ion, was termed a reduction 

®D A Macinnes, Pnnctples of EleclrochcmisiTy, RemJiold Publishing Corp-. 
New "iork, 1939 

M Clark et al , t/ S Pub Health Sewice Hyg Lab Bull, No 151 (1928) 
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purified enzMue) is added to a buffer 
solution and (usualU ) placed m the 
mam of the reaction fia'^k of the 

mnnometne assembh (cf Fig l),uhilc 
the appropriate substrate is introduced 
into the side arm of the flask The flask 
IS then attached to the manometer and 
placed in a constant-temperature bath, 
after the flask contents ha\e reached the 
desired temperature, thej arc mixed, and 
tlic oxidation is alloued to proceed The 
manomctric fluid (Brodic solution) is so 
selected that a column of 10,000 mm has 
the same pressure as 760 mm of mercur\ 
(1 atmosphere) If gas mixtures other 
than air are cmploj od (eg, 95 per cent 
O 2 and 5 per cent CO»), the air in the 
closed portion of the asscmblj , 1 c , in 
contact uith the reaction mixture, must 
be displaced bj tlic appropriate mixture 
If onl> Oj 18 taken up and COj is 
t\olecd, the latter is removed b> means 
of alkali in the center well of the reaction 
flask As oxjgen is ab«orbed, the level 
of the mnnometne fluid in tlic right-lmnd 
limb n«cs, to determine the amount of 
gas taken up, the ga« volume is restored 
to that it the ‘■tart of tlic experiment 
The volume in the clo-cd portion of the 
ii’'ccml)l\ is tlni*! kcj)t constant, this 
cau«c^ a fall m prt-surc and n drop in 
the level of fluid in the open left-hind 
limb of the manometer Tiie extent of 
Dll'! droj) thus gives n nica‘surc of the 
change in gas pressure in the rciction 
flask Tlic volume of 0_ (in mierolitcrs, 
/il, or cubic miliiinctcr«, cniin) absorbed 
tr) proportional to the alteration in 
the reading (in milhiiictcrs) on the open 
limb of the nnnointtcr (fil, thus x — 
~hl where / is n projiortionabtx con- 
f-tnnt charaetcristic of the volume of the 
imiitv flask phis the gas 'picc in the 
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.oJCr°"=o=0"-»- 

UydfoquiDona Qulcone 


CHa 

H-i-OH : 

I 

COOH 

XaciIc aeit] 


CH, 

.L 


L 


O + 2H+ + 2e 


OOH 


CH 2 GOOH 

injCOOH 

&uccmic ac«l 


HOOCCH 

II +2H+ + 2e 
HCCOOH 

F^imartc acid 


gen atoms lost by the rcductant arc denoted H+ + c to emphasize tlic 
release of electrons in such processes As xmU be seen on p 319, reactions 
arc knonn m \\hich electron transfer from a rcductant to an oxidant is 
concomitant with hjdrogcn transfer, and the protons are not released 
into solution 

For some bnaicnt oxidations involving organic compounds, it has 
been shown that an intermediate compound is formed nhich has lo®t 
onlj- 1 electron Michaelis® and Elema proposed that a stepwise umxaleat 
oxidation occurs in such reactions The principle may be illustrated by 
the reaction studied bj Michachs — the oxidation of tctraphenyl-p* 




Tetraphenyl-p- ScnitijuiiMne Tetrsphenyt-p- 

phtnylened»am,nc ijuinoneduTnine 

phcnjlcnediaminc to its corresponding quinonoid form It Tviii be noted 
from the reaction sequence shown that univalent oxidation leads to an 
intermediate compound, termed bj Miclnclis a “semiqmnone,” \'hich 
may be written as one of tw 0 equivalent structures These 0 structures 
differ from each other in the alignment of an unshared electron (denoted 

Michachs Chem Rets, 16, 243 (1935) Am Snentist, 34. 573 (1016) 
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A unified theory of oxidation became possible onl> after the recognition 
that the essential characteristic of oxidation proccs'^es is the removal of 
elcptrons from the substance being oxidized More specifically , oxidation 
IS defined as the withdrawal of electrons from a substance, whether or 
not there is an accompanying addition of oxygen, and whether or not 
there is an accompanying loss of hydrogen The applicability of this 
definition to the oxidation of ferrous ion to the feme form is immediately 
apparent Here 

Fc-+ Fe'*+' + e 

where e denotes the electron released in the oxidation In a similar 
manner, the oxidation of a molecule of hydrogen to 2 protons may be 
represented as 

Il 2 -> 2 H+ + 2e 

The reverse of each of thc&c oxidation reactions is a reduction process, 
and the definition of reduction, as a reaction in which electrons arc added 
to a substance, is obvious Clearly, a reduction need not involve the 
accompanying removal of oxygen or the addition of hvdrogen The two 
reactions written above aie reversible reactions, and tlie pairs of sub- 
stances involved, 1C, Fc-‘''-Fc^+ or H 2 - 2 H+, arc termed "oxidation- 
reduction sv stems " 

In reactions m which electrons arc released, free electrons are not 
actually pre-ent in the solution m appreciable amounts, m order to 
permit an oxidation to proceed, there must be present in the solution a 
substance that will take up these electrons Tims the electron acceptor 
is an oxidizing agent (oxidant) which is reduced hv the rcductant 

In the oxidation of re-"*" to Fc'*+ there occurs the release of 1 electron, 
thi^ l^ oVerved for t)ic mcta\s of the tran'sition series of the periodic 
table (c g , Fc, Co) which can undergo univ ilent oxidation and can cxi^t 
at two hveb of oxidation differing by 1 electron Although univalent 
oxidation i" common .among inorginic compound'., m the oxidation and 
reduction of organic mokculc" tlit re iction u«!ually involves a bivalent 
oxidation, le , 2 electron*' are transferred Kxamplc'j of ‘•uch bivalent 
0 X 1(1 ition reduction arc the reversible reactions involving hydroquinono 
and quinone, lactic acid and jiynivic acid, succinic acid and funianc acid 

Fach of the oxidition reaction* involving thc«e organic compounds is 
a revcr-ihlc reaction, hut, ju-t i* with the oxid ition of rc-+ to Fc^ <■, the 
reaction* will not proceed to an appreciable extent unlc** there is present 
an eleetron acceptor, 1 c , an oxidizing agent, for the oxid ition jirocc**, 
siimlarlv , there mu-t he pre-ent an electron donor, 1 e , a reducing agent, 
for the rcver-( reaction In writing the-e oxidation re iction*, the hvdro- 
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donate elections to the electrode If an electric current were allowed 
to flow m the complete assembly, electrons would move from the hydrogen 
half-cell to the Fe^'^-Fc3+ half-cell However, if this tendency for 
electron flow is exactly opposed by means of the potentiometer, the 
difference m electrical potential of the two oxidation-reduction systems 
can be measured The operation of this asscmblj fulfills tlie requirement 
of thermodynamic re\ci&ibilitv (cf p 229), except for the effect of 


Potentiometer 



Standard Half-cell 2 

half-cell 1 


Fig 2 Schem-itic reprcsontnlion of a«i%inb!y for meisiircmont of oxidation reduc 
tion potentials 

irreversible diffusion at the liquid junctions This effect (“liquid 
junction potential”) maj be reduced to a small \alue by using high 
concentrations of KCI in tlie salt bridge 
In order to compare the potentials of different oxidation-reduction 
systems, it is necessary to refer all of them to a common standard whose 
potential is arbitrarily defined as zero under specified conditions The 
standard oxidation-reduction ^stem is the liydrogen half-cell (termed the 
hydrogen electrode) where the reaction is 5 H 2 ^ H+ + c, by definition, 
the potential of this system is zero at all temperatures when an inert 
metallic electrode dips into a solution of unit activity with respect to 
protons, 1 e , pH 0, m equilibrium with hydrogen gas at a pressure 0 
1 atmosphere Clearly, it is not necessary that the reference half-cell in 
the complete assembly be the hydrogen system, any other oxidation 
reduction system whose potential has been accurately established wit 
reference to the standard hydrogen electrode may be used instead Th® 
cxpenmental value for the difference in potential between the two ha 
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b> a dot) to one or another of the 2 nitrogen atoms The ccmiquinonc 
should not be considered simpl} a miUurc of the tno forms, but rather 
a single intermediate of the tno Substances ^^bosc formulae ma> be 
written in two or more forms with regard to the distribution of electrons 
in the molecule are termed "resonance* hjbnds, and the phenomenon of 
rc'-onance winch the> exhibit serves to stabilize the structure For this 
reason the scmiqumonc denv cd from tetraphen>l-p-pbcnjlcnediamine can 
be demon'«trattd cxpcnmcntallj Under suitable conditions, other semi- 
qumoncs also luav e sufficient stability to permit their experimental stud) 
It maj be added, however that the existence of semiquinones does not 
prove their formation b) stepwise univalent electron transfer® 

Oxidation-Reduction Potentials 

It IS important to define the relative tendenej of a senes of oxidants 
to act as electron acceptors, or of the corresponding senes of rcductants 
to act as electron donors Such quantiUtiv c comparison is possible on the 
basis of the propert) of oxidation-rcduclion sv stems termed the oxidation- 
reduction potential 

Tiie concept of the potential of an oxidation-reduction sjstcm maj 
bo illustrated b) considering a solution containing Fc-+, which has a 
certain tendenej to rclca'-c electrons and pass over into Fe^+, similarlj, 
the Fc'^'^ has a certain tendenej to accept electrons and pass over into 
Fc-+ The solution thus contains the Fc-+-Fe3+ oxidation-reduction 
s\ stem On pi icing into the solution a chcmicall> inert metal such as 
gold or platinum, electrons can leave the inctal (termed an electrode) 
and go into the ‘•olution, or electrons max pa«s from the solution into tlic 
metal There will be, in effect, a difference m the electron pressure of 
the metallic electrode and that of the Fc-'‘’-rc^+ oxidation-reduction 
••tern In order to determine the potential of the rc“'^-rc'^+ s) stem, the 
ti-vembl) mu-t be «o arnngctl that the metal dipping into the solution 
is connected to another elcctroilD dipping into an OMilalion-rcduction 
vv-^lcm of Known potential To complete the circuit, the two solutions 
arc connected bv means of a ‘‘all bridge (eg , agar gel containing KCl) , 
permits the migration of ions but prevents the chemical interaction 
of the two oxuhtion-rcduction svfclcms Between llic two metaJljc elec- 
trodes of tlie as‘-cmbh is inserted an instrument, tenned a potentiometer, 
for measuring tin. difference in clcctnc potential (measured m volts) 
helwttn the two ‘ half-cell*' ” In Fig 2, the second OMdation-rcdiictJon 
‘‘V'-tem IS tin li>drogcn-hvdrogcn ion svetem In this half-cell, livdrogcn 
ion tends to accept cloctron** from the electrode, and hvdrogen ftnils to 

ir Prstlicimfr m W I) Vfcl Iro> ami 11 GIa«f< The o/ Pnjyrnc 

Johns llnpVms Pr«s< UiUimorc, PISl 
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of Pure and Applied Chemistry that “reduction potentials" be used (or 
the designation of the electrode potentials of csidation-reduction sjstem,- 
(of Latimer’-) In the biochcinical literature, such “reduction potentials ' 
are termed “ovidation-rcduction potentials " 

f^rcent reduction 



Per cent oxidation 


Fig 3 Poteatiometnc titration of the reduced form of an otidatioa-reduction £>’'* 
tern with an oxidizing agent (eobd hne) The cut% e sbo’im is charactcnetic of snj 
bualent oxidation-reduction nbere eeniiqumone formation js not obserxed Fo’’ 
am gnen oxidation-reduction sjstcro the ibsolute xaluc of the potential for half 
oxidation depends on the nature of the sjslem and on the jiH of the solution (cf 
test) The broken line describes the pofenliometnc titration of the oxidized form 
with a reducing agent (absci'sa at fop of figure) 

The meaning of the term Eq becomes apparent if one considers the 
situation when (oxid) = (red) Under these circumstances, Ek^Bo> 
and thus Eq maj be defined as the potential {vrith reference to the 
standard hjdrogen electrode) established bj an o\idation-reduction 
sjstcm xihen the actmtics of the oxidized and reduced forms are equal 
This value is characteristic of each oxidation-reductjon sjstem and 
a measure of the relatne abihtj of tliat sjstem to accept or donate 
electrons m oxidation-reduction reactions AAhtb dilute solutions, it i' 
custoraarj to use the molar concentrations of the components m place 
of the actuitics 

The significance of may bexisualized more clearlj from the result 

*"Vr M Latimer, J Am Chem Soc , 76, 1200 (l95t) 
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cells can tlien be used for the calculation of the o\idatioii-rcduction poten- 
tial of the system in the Fe^+-Fe^+ half-ccU with reference to tlie hj drogen 
electrode In a similar manner, the potential of anj oxidation-reduction 
sjbtcm can be determined if that si'stem can accept or donate electrons 
re\er&iblv at metallic electrodes Such OMdation-reduction systems are 
termed electromotnelj actne sj stems A more detailed discu'^sion of the 
properties of such systems ma} be found in Clark’s book 

The difference in potential between the Fc2'^-Fe3+ half-cell and the 
standard hydrogen electrode is gi\en b> the formula 


A 


RT (Fe3+) 


where A is the ob'Jerxed difference in potential (m volts), R is the gas 
constant (8 314 absolute joules per degree per mole), T is the absolute 
temperature, n is the number of electrons per gram equivalent (m this 
reaction it equals umtj), and CF is the faradaj (95,490 absolute joules 
per absolute volt equivalent) and is defined as the amount of electricit> 
(m ampere seconds) required to liberate one gram equivalent of a uni- 
valent clement in clectroljsis Ihe logarithmic term refers to the ratio 
of the Gctiv itics of the two components of the oxidation-reduction sj stem, 
bj convention, the product of oxidation is placed m the numerator, thus 
defining tlic sign of the potential in relation to the standard hjdrogni 
electrode In general, one writes the above equation as follows 


A 


Lo 


.RT. (oxid) ,, , 
4 — TT In . * Lo 4- 

nJ (red) 


2 303/?r, foxid) 


At 30® C, 2 SOS/jr/nff has a value of 0 00 volt when n «= 1, and of 0 03 
when ;i s= 2 For the dern itioii of this fundamental relationship, sec 
Clark w 

According to the convention used bj biochemists, and b> manj 
plivMcal clicmibts, L’a become^ more positive when the ratio of (oxid) to 
(red) 1 '' inrrea'-ccl, al-o, if oxnlation-rcduction sjstcm A ha*! n more 
ncgati\c value of I m til'll! dots oxid ition-rcduction sjstem /?, sv&tem 
will tend to reduce •■jstciii B Thus the sv«tem with the more negative 
potditial lia*’ the grtatcr temlcncv to don itc electron" Manj plij^'ical 
(liimixt" enijilov the ojipo-itc convention, which assign** tlic more negative 
potential to the ‘•vsttni that hi" the greater tendency to accept elec- 
tron",'’ (lit ‘oxidation potential**” given hv thi" convention are tqinl 
in magniliKle to tht “reduction iwttnti iN" uved h> hiochtmi"ts, hut of 
ojipo-'ite ‘-jgn In 1953, it w is recommended b> the Inttrnnlional Union 

'"VV M Chrk To}>ic^ tn Phyteal (hrmtitiy 2 inl I i\ Clnpler 21, \\ illiims nnd 
W likin’* Co liilnmorr 19 j2 

" W M Lntiinrr Tl>r OTulnUon Statei of ihr flrtnrnU nnd Thctr rotcutiaU tn 
AqurouM Pit ntiro-Hnll Ijiftlrnood Cliff’* N J 1952 
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the graph shows an ekefcrometne tilrfttion curve that ib composed o! 
separate univalent oxidation steps which are clearly «ieparated Houever, 
under conditions where the semiquinone does not appear, the iira iim- 
valent titration curvet, merge into one another to give the charactenshc 
curve for a bivalent oxidation reaction 

The potentiometric titration of the re2+-Fe3+ system indicates that 
at 25° C the value of for this system is 0771 volt f771 miJJnoJis} 
more positive than tiic for the standard hydrogen electrode This 
1 altio may therefore bo termed the ‘■‘^normal ovidation-reduction potential" 
of the Fe“+-Fe3+ system at 25“ C The normal potentials of other 
e/cctromofive/y active ovidafion-reduction systems arc denoted m a 
similar manner 

If one examines the variation of Bq for the re-+-Fe®+ system as a 
function of the pH of tiie solution, it mil be found that the En is the 
same over a wide pH range (pH 0 to 5) Such constancy of Bo with 
changes in pH is not found, however, m oxidation-reduction systems in 
which hydrogen ions enter into the over-all chemical reaction that 
describes the half-cell The simplest reaction in which this occurs is the 
hydrogen electrode reaction itself Here 


' Infill 


RT, 


where Pm denotes the pressure of h>drogcn gas Since the standard 
hydrogen electrode is defined with reference to hydrogen gas at unit 
pressure, at 30° C, - 0 OG log (H+), or E, = -0 06 pH Thus at 
pH 7 the potential of the hydrogen electrode is —0 420 volt (or —420 
millivolts) This variation of the potential of the hydrogen electr^e 
with pH provides the basis for the use of the hydrogen electrode tor 
accurate determination of pH (cf p 19) 

It was noted earlier that the oxidation and reduction of org^ww s.u - 
stances frequenth^ involves the appearance or disappearance of hydrogen 
ions Such oxidation-reduction systems are the predominant ones m 
biological reactions, and their Eo values vvnll show vanation m V 
For example, in the oxidation of gucemate ion to fumarate ion, pro o 
and 2 electrons are released, and, if the “half-cell” is considtre dS ’ 
one must take into account the |Hs H+ -h c system ^ \ 

considering the oxidation of succinate js to separate the ^ . 

from the ox.dot.on-reduet.on as sho,.n The hypotteUcal .ntermed.ata 


H 

H C COO-_jji. 
H C COO-~^ 
H 

Succinate 


n 

c coo- 
c coo- 
H 


H 

-OOC C 

C COO' 
H 

Futnarat* 
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of an electrometric titration c\ptrinit.nt If to a half-cell containing the 
reduced form of an oxidation-reduction S3 stem one adds increasing 
quantities of a strong oxidizing agent, then the curxe that relates the 
extent of oxidation (denoted as per cent oxidation on the abscissa) to 
the Eh of the half-cell has the form slioTvn in Fig 3 At the point at 
which 50 per cent oxidation ha*; been effected, there is an inflection in 
the cur\e, and Lh equals Eq It will be noted that the cunt relating the 



4 Potcntiomctnc titration of the rrtluced form of in o\i<htion-rc(luction 8\«- 
tem (pjocjaninc) with nn o\uhzmp iRcnt (fernonnitlc ion) nt ;jII 1^ In this 
titr'ition, the ecpirition of the diMirtc unmlent owintion ‘.(cps is npjnrcnt the 
form largeh j)rr«cnl nt 50 per cent o\nJ*ition is. the eemiijiiinono [From F A 11 
rrirdhcim nml I Muliuli* J Biol Chent 91» 35o (1931)] 

reduction of tlic oxidized form of the oxidation-reduction sxstem to 
the potential h i*; the same 'hape ns> the curxc dc'^eribing the rcxcr'^c 
proco-s The '•lojic of -iich cur\c** in the region of the inflection point 
1'' dircctlx rcl itcd to tin. munlHr of eketron'- in\cil\td in the oxul ition- 
reduction, if tlit tur'c m Fig J 1*' t ikin to rtprt'-cnl a bi\ dent oxidUion 
or reduction, the corn 'ponding cm\c for \ nm\ dint proce— woiilil he 
''ointwhu more 'teep at the inflection point Tlie *hap( of a potontio- 
*aitric titration curtc tlicreforc offen. infonintion about the appearance 
of scmiquinono fonns in the cour-e of a biealcnt oxidation In Fig 4, 
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At low pH values the magnitude of [H+P will be appreciably greater 
than /vi' [H+] and much greater than K 1 K 2 ’ Under these circumstances 
the elec trode equation will be 


£1. - £-0 + In + — In [H+F 


2ff 


At 30'’ C, 


Ek^ Eo-\-OOS\og 


[oxidj 

[red] 


0 06 pH 


When [oxid]/[red] is a constant, the potential will vary with pH m a 
linear manner, and the slope of the line will be —0 06 At a higher pH 
value, where is much largf r than [H+]2 or K^K^'i the slope of 

the line will be —0 03 Extrapolation of the two slopes to the point 


Fig 5 

oa pH 



Dependence of potential for half-o\idatioa of anthraqumone-2,6-disulfonate 

[From J B Conant et al, J Am Chcm Soc, 44, 1382 (1922) ] 


of intersection of the two lines will gi\e the fKi of the dibasic acid 
(H2 red) At high pH values, Ki'K^ be much greater than [H ] 
or JC/[H+], and the pH-dependence curve will have a slope of zero, the 
value of piCo' may then be determined by extrapolation as before [ci 

In the linear portions of the pH-dependence curve, the potential (at 
30° C) vanes with pH according to the equation 
^E^ 0 O60 
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(in brackets) may be formally considered the conjugate base of succinate 
One ma> i\rite the oxidation of hjdroquinone to quinone in a similar 
manner 


HO— I 


OH 



Ilydroquinooe 


Quinone 


If, m the course of an oxidation or a reduction, there is formed a nei\ 
group, capable of acting as an acid or a conjugate base, this ^ill find 
expression m the shape of tlic pH-dependcnce ciir\e of the potential at 
a fixed ratio of (oxid) to (red) Examples of such reactions arc the 
oxidation of an aldchjde hjdrate to the corresponding carboxylic acid 
(c g , oxidation of acctaldelivdo to acet ite ion) or the reduction of quinone 
to hjdroquinonc Therefore consideration must be gi\en to the acidic 
dissociation constant of the new group produced Clearly , at pH a alues 
more acid than the pK' of the new group, the contribution of the new 
group to the hydrogen ion actuity of the half-cell will be different from 
the contribution at pH a alues more alkaline than the p/C' Consequently, 
m plotting t!ic potential for 50 per cent oxidation as a function of pH, 
breaks will be obsened in the cur\c whenever the curve passes through 
a pH region in which a pA' is involved 
To illustrate tins, it will be convenient to consider the reaction 


Ho rcd^Oxid + 2H+ + 2e 


where the reduced form (Hj red) of the oxidation-reduction system is 
a weak dibasic acid that dis«ociatcs as follows 


H 2 red H rctl~ + H+ 
H rc<l" ^ red^- H^ 


The distsocmtion constants of Hz red will be described by A/ and Kz' 

r / ^ IH^llH redj , _ IH-^llrcd^i 

’ IHsredJ IH red"] 

1 he total stoichiometric conccnlralioti of the reduced form is denoted 
by [red], wimh is c(iiml to [II 2 rctlj + [II rod"] + [red^-] Therefore 
tlu electrode c<iuntion of the oxidation-reduction sy«:tem, 


/* = 

may lie written ns follows 


/ o + m 


(0X1(1)111+1= 
III 2 red] 


/» = /o + 


I{T^^^\o\h\] , UT 


+ -^In [111*1= + A.'m*] + A-,'A-.'] 



300 GENERAL BIOCHEMISTRY 

book by Lardy Xt is likely that many of the oxidation-reduction 
potentials now used m biochemistry may require correction when thej 
are redetermined more accurately 


Free-Energy Changes in Oxida+ion-Reduction 


Data of the kind given in Table 2 permit one to predict the direction 
of interaction of any two oxidation-reduction systems As noted before 
(cf p 293), when one system has a more positive (“higher”) electrode 
potential than another sjstem, it is a stronger oxidizing agent, le, its 
tendency to take up electrons is greater than that of the system of “lower” 
electrode potential This statement does not imply that two oxidation- 
reduction systems of different potential will, in all cases, interact, the 
difference m potential is related to the free-energy change in a bimolecu- 
lar reaction involving the oxidized form of one system and the reduced 
form of the other sjstera, but not to the rate of their interaction The 
relationship between oxidation-reduction potential and free-energy 
change may be made apparent by considering two oxidation-reduction 
systems designated Ar^Ag and Br^Bg respectively The subscript r 
denotes the reduced forms and the subscript o denotes the oxidized forms 
Let us assign to the reaction a value of of —0200 volt (30®), 

and to the reaction Br ^ Bg an Eo “0 100 volt (30°) The reversible 
bimolecular reaction 


in whuh the valence change is 2 for both oxidation-reduction sjstems 
Will be characterized by an equilibnum constant (concentrations assumed 
to be equal to activities) 

(A.lfg.1 


K = 


{Ar\m 


It will be obvious that, under conditions at which [Ae] = (Arl, K will 
be equal to when [BJ = [BJ, K will be equal to [Aoj/lAr] 

If the bimolecular reaction is allowed to proceed until equilibnum is 
attained, the potential will be given by the equation 


Thus 


Hence 


®‘=-0 200 + 5 ^ 1 ob |^ 


-0 100 - (-0 200 ) = 


-OlOO + ^logjlj 


[A,] , [BJ\ 

5 [A,] '‘’® [B,]) 


AE„ = 0 100=^logg|§J 


OOG 


\ozK 


. Ldrd> Respiratory Enzymes, Burgess Publishing Co , MmneapoUs, 19^9 
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^\hcre a denotes the number of hjdrogcn ions released in an oxidation 
reaction and n is the number of electrons m\oKed in the process 
Since, in the consideration of biological oxidation-rcduction reactions, 
it IS important to compare the potentials for 50 per cent oxidation at a 
physiological pH \alue, such as pH 7, it is customary to refer to the 
“midpoint” potential at a gnen pH by the symbol Eq' (or Em) Thus, 
for a solution buffered at pH 7, 

r^/ TT-\ // TT I 0 06 , [oxidl 

&(pH i) = Eo (pH i) + — log 

The term Eq is rcscr\ cd for the midpoint potential of an oxidation- 
reduction system at pH 0 

One may set up tables of the magnitude of Eg' at physiological pH 
^ allies for a \aricty of oxidation-reduction systems of biological interest 
Some of the currently accepted potentials are gl^cn m Tabic 2, more 
data (some of \\hich ha\c undergone rciision) may be found in the 


Table 2 Electrode PotentiaU of Some Oxidation Reduction Systems of 
Biochemical Interest 


Temper ituie, 

Eo, 

Eo' 

(pH 7), 

System 


\olts 

aolts 

Hydrogen-hydrogen ion 

30 

0 

-0 420 

Formate-carbon dioxide 

30 


-0 42 

/S-IIy droxy buU rate-acetonectate 

38 


-0 293 

Diphosphopyridinc nucleotide (oxidant) 

30 


-0 32 

Iliboflasan (oxidant) 

30 


-0 20S 

I’hthiocol (oxidant) 

SO 

-f0 299 

-0 ISO 

Lnctatc-py nmte 

25 


-0 19 

Mahtc-oxaloacctato 

25 


-0 100 

■ydlo^v enzyme (oxidant) 

30 


-0 123 

Pyoc\nnme (oxuUnt) 

30 

-t-0 3G6 

-0 012 

Snccmato-furaarale 

7 


0 00 

2-Mcth\ 1-1 ,4-mphthoquinonc (oxidant) 

? 

+0 422 


^^ctll\lcne blue (oxuhnt) 

30 


+0011 

oKlohin-mctm^ globin 

30 


+0016 

\«corbic acid (rcdiictant) 

30 

+0 390 

+0 058 

Alloxan (oxidant) 

30 

+0104 

+0 002 

HcmoRlobin-mctliemoglolim 

30 


+0 119 

I errocA toclirome c (rwluct int) 

30 

+0 40-1 

+0 20 

IhdroRcn i>cro\i(le-ox\Rcn 

2’, 

+0 as2 

II\dnK|iiinonc-quinone 

25 

+0 099 


fcrrocNtoclirome a (rodiictint) 

20 


+0 20 

1,4 I)ili\(lrox\ i>-plicn\lihi)ine(re<lnrtint) 

10 

+0S0 

+0 3S 

Admnlin (reductanl) 

30 

+0S00 

+0 3S 

I crroiiH fpmc 

25 

+0 771 

^^at(r-ox^^,cn 

25 

+0SI5 
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Biological Oxidafion-Reductlon Systems 

The foregoing considerations are of special importance in the stud) 
of biochemical OMdation-rcduction reactions, the midpoint potentials of 
many systems cannot be measured casilj potentiomctncally since these 
systems are not clcctromotnely active and do not establish stable 
potentials at metallic electrodes Hoivcvcr, if an oxidation-reduction 
system of unknown potential reacts revcrsiblj, m the presence of a 
suitable catalyst, nith another system of known potential, then a deter- 
mination of the concentrations of the four components at equilibrium 
will permit the calculation of the equilibrium constant, and thus gne 
the potential of the unknown system In conducting such experiment*:, 
it IS desirable to select systems that arc not too far apart on the potential 
scale, otherwise the aetnity ratios (as a first approximation, the concen- 
tration ratios) will be difficult to determine accurately Furthermore, it 
IS con\onient to work under conditions at whicli the ratio of concentra- 
tions of the components of one system is equal to unity (eg, 
[A«] “ {Ar}) At equilibrium, therefore, 

Ek =» Eq^ (system A ) «= Eo' (system B) + log 

This principle was employed by Thunberg'® for the dctcrniination of the 
normal potential of the succmatc-fumarate equilibrium in the presence 
of succinic dehydrogenase of washed muscle tissue, here the system of 



2 e-DidjbrepheooJiDdopbenol Lettco-2.6-djeWoJO^«nol- 

jyae) io<lophenol (colerlesg) 

known potential was composed of the oxidized and reduced forms of the 
dye methylene blue, which ser\ed as an oxidation-reduction indicator 
The oxidized form of methylene blue is colored, whereas the reduce 
form (leueotnethylene blue) js colorless Methylene blue is but one of a 

15 T Thunbei-g, Skand Arch Pkynol, 46, 339 (19ZS) 
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More generally, one may state that 

ALo = In K or «JF AEo = RT In K 

From the earlier discussion of the relationship bet^\ee^ the free-energj 
change m a rc^erslblo chemical reaction and the equilibnum constant 
(cf p 231), AF® = — In A', It follottS that 
A/-® = — n(F AA’o 

To express the frec-energj change m terms of absolute calories per mole, 
the \aluc of the faradaj must be taken as 23,003 cal per \olt equivalent 
Therefore, for a potential difference of 1 \olt, ^\hen n equals umtj, the 
free-energj change is —23,003 absolute talones per mole 
In the bimolccular reaction discussed aboxe, 

Ar “303 = -2 X 23,003 X 0 100 = -4013 cal 
The reaction is therefore an cxergonic process, and max occur sponta- 
neousl>, hoMcxer, the rate of the rcattion uill be determined by the 
energy of actuation (p 260), and a catalyst maj be required to ollou it 
to proceed at a mcaa.urablc rate Clcarlj, one may calculate the free- 
cnerg} change for each of tlic component oxidation-reduction sj stems bj 
means of the equation AF® = — «5A'o, nnd obtain tlic xaluc of AF® for 
the bimolccular reaction bj difference Thus AF® « AF® (/? sjstem) — 
A/*® (A sjstem) = 4013 - (+9220) = -4013 cal 
For a reaction conducted at a /iH xaluc uherc the midpoint potentials 
of the interacting sj stems differ from the /7o values, the standard free- 
energj change is guen bj the term — nffALV, and is sometimes denoted 
bj the ‘<ymbol AF' (the frce-cnergj change for a reaction in uhtch all 
reactants except II'*' are m their standard states, cf p 230) Ihe values 
of AF' (at a given pH) and of AF® mnj be different, since the dependence 
of the midpoint potential on pll maj be different for the two intcraclmg 
oxulatiou-rcductiou sj ‘items 

The above relationship between oxidation-reduction potential and free 
cnergj provides another cxpcnmcntal technique for the dctcmiinalion of 
A/® in reversible reactions involving valence change llic values thus 
obtained maj then bo compared with the results of cah illation of A/ ° 
from tliermal data bj tlic equation A/® = A//® — T AA°, discus-'cd on 
p 23() Such a tompanson was m ule for tho‘iuccinute-fumaratc oxulation- 
rciluction ‘?vstem In tJic^-e studies, the value of / o was obtained bv 
extrapolation to pll 0 from tlic midpoint potential iletermincd in the 
presence of the cnzjinc succinic dchvdrogcna‘:o (p 314) at /dl 72 and 
2>® C, the magnitude of A/ ® calculated from the potential was found to 
be in excellent agreement with that denved from valuc> for A//® and A.S®, 
m ncronl with the view (cf p 211) that the enzvnit does not alter the 
po-ition of the ciiuilibrium, but nurelv ln‘*tens, its attainment 
1*11 Kori'ook Rful II 4 ‘^chott / Iliol Chem 92, 535 559 (1931) 
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Biolo9ica( Electron Carrier Systems 

Tlie studj of the OMdation-reduction reactions that may proceed m 
In mg systems has as its primary aim the elucidation of the mechanisms 
whereby the energy made available m o\idation reactions is utilized for 
the chemical and phj sical w ork of organisms Among tlie most important 
advances m biocheimstr> has been the identification of a number of 
oxidation-rcdiiction sv stems whose biological function appears to be the 
transfer of electrons from metabolites (e g , succinic acid, lactic acid) to 
molecular oxjgen 

The electron transfer sj stems of bpeeial intcicst in biochemistry are 
those tliat maj be termed “earners” Such a earner system (C) must 
bo capable of reacting with two diffcicnt oxidation-reduction systems, 
A and B, so that the oxidized form of C {Co) will rapidlj oxidize the 
reduced form of sjstcm A (Af) and the reduced form of C (Cr) will in 
turn be rapidlj oxidized bj the oxidized form of s>stem B (Bo) Schc- 
maticallj , this may be represented as 
( 1 ) 

( 2 ) + 

The net effect of the earner s>stem is therefore to transfer electrons 
from Ar to Bo, this may bo visualized b> means of a notation used bj 
Baldwin ” 


IlMaion 1 



Resclioo 2 


In the succeeding three chapteis, primarj consideration wiH be gnen 
to three important groups of electron carrieis and to the enz>me proteins 
that cataljze the oxidation-reduction reactions m which thc^e earners 
participate These groups of carriers arc (1) the pjndine nucleotides, 
(2) the fia\m nucleotides, and (3) tlic cjtochromes The approximate 
oxidation-reduction potentials (at pH 7, 30“ C) of these three tjpes o 
electron earners, in relation to the comparable Eq' values of the hjdrogen 
and oxygen electrodes, are as follows 

Ot electrode (HjO lOi + 2H+ -f 2e) +0 SI volt 

Cjacchrorae c d-0 20 

Havin nucleotides 
Pi ndme nucleotides 

Hj drogen electrode (H* 2H'*' *f 2c) —0 

Bakinin, Dj/nayme Aspects of Bwckemistry, 2iid Ed, Cambridge Vmvcmtj 
Press, Cambridge, 1952 
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large number of organic djes that form electromotuel) actne oxidation- 
reduction sj stems, another is 2,6-dichlorophenolindophenol 7, 

30® C) +0 217 \olt] We owe to Clark and to Michaehs most of our 
knowledge about the oxidation-reduction potentials of these indicators, 
which ha\e proved extrcmelj useful in the study of biological oxidations 
In concluding this section on biological oxidation-reduction, it is appro- 
priate to re-emphasize the fact that a fa\orablc difference in potential 
docs not, in itself, guarantee that the cxergonic reaction will take place 
For example, the reaction between succinic acid and mcthjlcne blue is 
a thermodj namicallj possible reaction, howe\er, appreciable reaction 
cannot be demonstrated unices a cataljtic sjstem is present In the 
presence of the specific cataljsts, equilibrium is established in a measur- 
able time Here, again, one must consider not onlj the thcrmodjnamic 
properties of the reiction but ako the equally, if not more important, 
kinetic aspects of the reaction 

In succeeding chapters, some of the enzymes that catalyze oxidation- 
rtduction reactions will be considered It will be seen that the reactants 
combine w ith the catalj tic protein to form oxidation-reduction systems 
composed of the oxidized and reduced forms of a conjugated protein, 
analogous to the mctiicmoglobin-hcmoglobin system (p 299) Under 
those circumstances, the Eq' of the conjugated protein will depend on 
the rclatiyo magnitude of the dissociation constants of the two forms 
of the conjugated protein 

« [ProtcinHoxidl ^ [Protem)(red| 

(Protcin-oxidJ ' [Protein-rcd] 

If, for example, the reduced form is hound more tightly to the protein 
than tilt oxidized form {K, Ic'-s than A'*), the Et/ of the conjugated 
protein s>*>ttm will bt more positnc than that of the protcin-frce 
oxidation-rcduction sjstcin This follows from the rclation'-hip 

A(/ (conjugated protein) — I o (protciii-frte system) 

n hr 

For a more comiilcto {h‘^cUBvion of this important relationship, see 
Clark ct al who applied it to the experimental stiulj of the oxidation- 
reduction potentmK of hLinochromopen" The dependence of the oxida- 
tion-iiduction jiotcntials of conjugated protein-' on the rclnti\e m ignitude 
of ho and A, i-* of consider ible import uice in the enzMiiic catiK^is of 
biologic il 0 X 1(1 itioii', -ince the electron transfer usu ilK jn\ol\c«! the 
riution of a conjugated protein (m cither the reduced or the oxidized 
state I with an appropn itt ehetrem iccepttir or electron donor (cf p 322) 

M Clirk rt al J Iltnl Cftrm 133,513(1910) 
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involving the sulflijdr)! and disulfide forms of lipoic acid (also named 
thioctic acid), the potential of nhich also is unknown, but belmetl to 
be about —04 soil, (4) the catceliol-o-qumone sjstem 7) “ ca 

+033 soltj Some of the evidence m faioi of the participation of these 
systems in biological oxidations mil be considered Inter in this book 
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Tliese Eq \alues lead one to expect tint the reduced form of the 
pjridinc nucleotides should &cr\e as a good rcductant of the oxidized 
forms of the fla\in nucleotides or of cjtochrome c, but the oxidized pjri- 
dine nucleotides ^^ouId not be reduced apprecmblv b> the reduced forms 
of the other two systems Simihrlj , the reduced flaMn nucleotides could 
be oxidized bj oxidized cjtochrome c, but reduced c\tochromo c would 
not be oxidized to an appreciable extent In the oxidized forms of the 
flann nucleotide and pjridinc nucleotide sj stems The thcrmodjnamic 
conclusions drawn from the xalues for the potentials also suggest that 
the reduced forms of all three electron earner sj stems ma> react with 
molecular oxjgen as the electron acceptor It must be remembered, 
howe\cr, tint these conchiMons gi\c no information concerning the rates 
of the therinodynamicallj possible reactions In fact, of the reduced 
forms of the three electron carrier s\stcms mentioned abo\e, onlj the 
reduced flaA in nucleotides w ill react at a rapid rate w ith O 2 m the absence 
of added catnijfct, it inaj be sud, therefore, tint the reduced fluin 
nucleotides are “ lutoxidizablc ” This autoxidation leads to tlio formation 
of H 2 O 2 and maj be written 

riannHa + Os-^Flann + H2O2 
which maj be consKlcrc<l as the summation of the two reactions 
FlaMnH2 ^Fla\m + 2H+ + 2e 
Oj + 2H+ + 2e^lUOz 

As will bo CMdent from the subsequent discussion, however, the major 
pathwaj for electron transfer to molecular oxjgen in aerobic organisms 
imohcs the autoxidation not of the fla\in nucleotide-, but of iron- 
porphjnn compound" Fhc-e apparent <bscrcpancic& between the chem- 
ical iiotcntiahtics of the mdiaidual electron carrier sj stems and their role 
m biologic il b\ stems arc a direct consequence of the relatix 0 rates of the 
enzjmc-catahzcd rcictions m which tht\ participate Therefore the dis- 
cm-ion of the electron carrier "a stem" cannot be sepiratcd from a 
con"uleration of tlic ‘•pccific cnzjine proteins inaoKcd in their reactions 
Although the iiandnic nucleotide-, the flaain nucleotides, and the 
catochroinc- repre-ent the mo-t important biological electron transfer 
-a-teni- of which there i- «onic knowledge, it inu-t lie -tre—cil that thca 
arc not ncce-' mb thoonU one" that function in liaing orgnm-in- Other 
oxidation-rcdiK tion -a -tern- that haac been considered ns po—ibic elec- 
tron carrier- in biologic il oxidation- art (1) the a«corI)ic ncid-dchjdro- 
i«c<irl)ic acid "a -tern (cf Tabic 2), (2) the ^a^tcm maohing the 
-ulfhadral and di-ulfide form- of glutathione (p I3G), the 7) of 

whicli 1 - not known, but r-timatcd to be about —0 1 aolt, fS) tin sj^tem 
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CHO COOH 

I I 

(CHOH)^ + iOi — (CH0H)4 
CHjOPOsHs CHjOPOsHs 

GIutoge-6-2)hosphate 6-Phosphogluconte and 

of adenine, 2 pentose units (presumably u-nbose), 3 equivalents of 
phosphoric acid, and 1 molecule of the amide of nicotinic acid {pyniiine- 
S-carbovylic acid) * This demonstration of the presence of nicotinamide 



kicotiaic and arntde 
{oicofinamid«} 


in the cofactor from er>throc>tcs was followed by the discovery in 1937 
that nicotinic acid is efTcctuc in the prc\ention of the dietary deficiency 
in dogs known as "black tongue” and of the human nutritional disease 
known as pellagra (Cliapter 39) It had been shown in 1936 that cozv- 
raase is a growth factor for Hemophilwi tnflKenzae, and later work 
demonstrated that nicotinamide is required by otlier microorganisms 
as well 

The disco cry of nicotinamide in the cofactor from erythrocytes led 
Euler to test for the presence of this substance as a component of his 
purified cozyma&e preparations, and, when the result was positne, the 
close similarity between the two cofactors was established On the basis 
of work done primarily by Euler, Schlenk, and their associates, the 
cliemical structure of cozymasc vas shown to be that represented in 
the accompanying formula It will be noted that m the compound a unit 
of the nucleotide adenosine- ^'-phosphate (AMP) is joined by a pyTO- 
phospliatc linkage to the 5'-phosphatc of nicofcinamide-n-nbotide, which, 
though not denied from nucleic acids, may also be termed a nucleotide 
{nicotinamide mononucleotide, abbrcMatcd NMN) After the establish- 
ment of the constitution of cozymasc it became the practice to refer to it 
as diphosphopj ridme nucfcotidc (DPy) Vntii recently, other names 
such as coenzyme I (abbre\iatcd Co I) or codehydrogenase I were also 
used DPN IS especially abundant in yeast fca 1 mg per gram fresh 
weight), and a satisfactory method for its isolation from this tource lias 
been described ® Among animal tissues, retina is characterized by a higli 
DPK content (ca 2 mg per gram dry weight) 

The py rophosphate linkage of DPN may be clcaied by an enzyme 

■*0 llarburg et al , Biackem Z, 282, IS7 (1935) 

Komberg and F Pneer, Jr^ Btoektm Preparations, S, 20 (1953) 
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Pyridine Nucleotides 
and 

Dehydrogenases 


The Pyridtne Nucleotides*^ 

Oiphosphopyridine Nucleotide The slu(l> of the p>ridme nucleotides 
mnj be s'lid to ln\e begun with Buclmcr’s uork on the preparation, from 
}eist, of a ccll-frce extract tint uas capable of conaertmg glucose to 
cthvl alcohol The enzjtno s>stciu imoKcd m this fermentation reaction 
nns gi\cn the name “zjrnasc” In 1904 Harden and Young found that 
tiie abilit> of such an extnet to ferment glucose nas lost nhen the 
extract dnljzcd, but could he restored b> the addition of the diahz- 
ablo material Tlioj concluded th it a tubst ince of Ion molecular n eight 
(winch tlioj found to be 'table to heat) scracd as a cofnetor in alcoholic 
fermentation b> jeast This diahzablc material was named coz>ma«e, 
and was classified as a coenzjme, a term introduced bj Bertrand to 
denote substances of low molccuhr weight essential for enzjnic action 
(cf p 220) It has now hccomc po'Sible in inan> instances to replace 
the aagiic term ‘ coenzjme” b\ more informatiic chemical names and to 
define the chemical role of thc't accc'sora substance' 

The 'tudj of tlic chemical nature of cozjmise was taken up ha 
II a on Bulcr in 1923 Dj 1932 ta idencc Iiad accumulated that cozj masc 
uas related to the adcnalic acid ohtaincel from musde (aeIenosinc-5'- 
jiho'ph ite) The n iturc of cozama«c was more elefinitelj established as 
a rc'ult of the eliscoacra ba Unrburp that mammalian crjthrocjtcs 
contain i tlicrino'tahle, dialjzahlc factor which is required for the 
aerobic oxidation of glutO‘’C-0-pho*‘j)hate to C*pho'phogluconic acid In 
1934 ^^arburg and Chri^tinn indated thi** cofnetor from erathrocates and 
demonstrated tint it wa- a compound fonned bj the union of 1 molecule 

IT V ‘'infsrr nntl 1 H inira, »n 15, 79 tiwai) 

•1 It irkrr I'hynnl /ui* 35,1 (1*155) 

* a Ilartirn A rwicHCafion, 3r«l 1^1, 1 onpin in'* Grion and Co, londoa 
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reaction invoking adenosine triphosphate (ATP) 

NMN 4- ATP DPN d- pyrophosphate 

This reaction is cataljzed by the enzyme DPN pjrophosphorylase, 
preparations of vhich have been obtained from yeast and pig liver® The 
equilibrium constant of the reaction for the synthesis of DPN is approxi- 
matelj' 0 5 at pH 7 4, and the rexerse reaction (the pjrophosphoroljsis 
of DPN) can be demonstrated readily 

Tnphosphopyridine Nucleotide It ^ill be recalled that the cofactor 
obtained by Warburg from erytbroc>tes contains 3 phosphoric acid units 
in place of the 2 m DPN This tnphosphopjridine nucleotide (TPN) 
has the same structure as DPN, nith the addition of the third phosphor} I 
group at the 2' position of the nbose portion of adenosine {denoted by 
an asterisk in tlie structural formula for DPN) This \ias demonstrated 
bj the specific cleavage of TPN b} nucleotide pyrophosphatase to give 
NI^IN and adenosine-2',5'-diphosphatc (2',5'“diphosphoadenosine) The 
various animal tissues examined contain much less TPN than DPN, a 
satisfactorj preparation of TPN from sheep liver has been described “ 
The biosynthesis of TPN probably involves the enzjme-cataljzcd phos- 
phorylation of DPN fay ATP ** 

Until recent!}, TPN vas often termed coenzyme 11 (abbreviated 
Co II) or codeh}drogcnase 11 

Oxidation and Reduction of Pyridine Nucleotides With the discover} 
by Warburg of the presence of nicotinamide in TPN, there emerged the 
important finding that the oxidation of glucose-b-phospbate in the pres- 



G!ucose~6*phosphate 
(pyrsnose fona) 



C=0 + reduced TPN 


ence of erythrocytes involves the enzyme-catalyzed reduction of the 
pyridine ring of TPN by gIucose-6-phospbate Later vork showed that 
m this oxidation-reduction reaction the pyranose form (cf p 403) of 


9A Komberg, J Biol Chem , 182, 779 (1950) _ 

-V Komberg and E Pneer, Jr,^ Biol C^em, 186, 557 (1950), L Heppu 
el al Biochem J , 60, 19 (1955) 

A Komberg and B L Sorecker, Bioehem Preparalions, 3, 24 (1953) 

J2A Komberg J Biol Chem, 182, 805 (1930), T P Wang and N 0 Kaplao, 
t6u/, 206,311 (1954), 211,465 (1954) 
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preparation (nucleotide pjropliosphatase) from potatoes to jield AMP 
and NMN*"' A different enzyme (DPNase), found in animal tissues 
and in the mold Neiirospora crassa, hjdroljzes DPN to form nicotin- 
amide The DPNase of «omc animal tissues (beef spleen, pig brain) 


Nicotinamide 

mononucleotide 


Pyrophosphate 

linkage 


Adeno3me-5 - 
phosphate 


.CH 

HC "^C — CONHo 

II 1 
HC. ^CH 
N^ 


-CH^O. 

. 1 

l''c— 

H'C 

-C^J, 

" 1 

1 “ 

OH 

OH 


/' 

N 

1 

-CH, 0. 


i\ i/I 

H I 1 H 

OH 

OH 


Oiphotphoi:>yf<<lin* niKl««tid«<D?Ml 


cataljzcs not onlj the hjdroljsis of the gljcosidic bond inNohing 
nicotinamide, but aUo the repheement of the nicotinamide group in 
DPN b> structurallj related paridinc dcrnntucs such as 3-acct\lpj ridinc 
and i«onicotinlijdrazidc ^ 3-Acctj Ipj ndme has been choun to be an 



3-^rrC)lp>Ti«Iin^ 


CONHNHo 



f'omrulinlijdraticle 


“antimctabolitc" of mcotmamulc, since it produces ‘'a rnptoms of nicotinic 
juid dcficitnc\ (Cli iptcr 39i wljin it ftd to mice ” I-onicotmlj\drazide 
bn'! been u«cd in the tre itincnt of tubtrculo'-i" 

The blO'^ nth(.'l^ of DPN probahh occur'* In mean'? of the following 


® \ Komhrn; and \\ 1 Pricir Jr, J Ihol (him 102, TC3 (ICjO) 

’NO Knplanttnl ‘'cirncr 120 437 (ld>l). I, J /'itimn ct al J Uiol Chem , 
209, -IVl IC7(19>1) 

«I) 1\ l\ootlf>,J Ihol Clam 157,-I55(10I'>) 
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hjdroljsis of the lactone is an exergonic reaction^ and thus pulls the 
equilibrium bet-neen glucose-B-phosphate and 6-phosphogluconolactone 
farther to the right It may be added that ox liver contains a glucose 
dehydrogenase that catalyzes the reaction 

D-Glucopyranose -f DPN+ n-Gluconolactone + DPNH + 

As in the reaction catalyzed by glucose-6-phosphate dehydrogenase, the 
lactone is hydrolyzed to gluconic acid Although this hydrolysis occurs 
spontaneously, it is accelerated by an enzyme named “lactonase " 

Glucosc-6-phosphate dehydrogenase is specific in its catalytic action 
for the bimolecular oxidation-rcduction invohing glucose-6-phosphate 
and TPN The sugar phosphate cannot be replaced by other substances, 
nor can TPN be replaced by DPN The cnz>me is a representatne of a 
group named dehydrogenases and, in particular, of the dehj drogenases 
that catalyze bimolecular oxulation-rcduction reactions between a metab- 
olite system and the DPN or TPN system The existence of manj 
dehydrogenases, m a variety of biological systems, came to be recognized 
as a result of the work of Thunberg-- He observed the rate and extent 
of decolonzation of meth> lene blue by extracts or homogenates of various 
tissues under anaerobic conditions in the presence of metabolites such as 
lactic acid and malic acid This technique, known as the Thunberg 
method, led to the discovery, in animals, in plants, and in microorganisms, 
of a large number of enzymes that cataljze the dehjdrogenation of 
various metabolites It became e\ident from later investigations that 
the deh>drogenase-catalyzed transfer of electrons from a metabolite to a 
pyridine nucleotide was not follow-ed directly by a transfer to methylene 
blue, but that other carrier systems, such as the flavin nucleotides, were 
interposed between the DPN (or TPN) system and the oxidation- 
reduction indicator In addition, the biocatalytic dehjdrogenation of 
certain metabolites (e g , succinic acid) cannot be identified with enzymes 
which catalyze a bimolecular oxidation-reduction involving a pyridine 
nucleotide As a consequence, reference will be found in the literature to 
dehydrogenases for which the immediate electron acceptor is still uncer- 
tain In some cases future studies may show that a pyridine nucleotide 
is m fact a participant in the dehydrogenase-catalyzed reaction For 
example, although it was long known that oxidized glutathione (GSSG) 
is reduced by extracts of plant and animal tissues, the participation of 
a pyndint nucleotide was discovered much later, with the demonstration 
of an enzyme (glutathione reductase) that catalyzes the oxidation of 

21 H I Strecker and S KorUs, / Biol Ckem , 196, 769 (1952), N G Bnnk, 
Acta Chem Scand 7, 1090 (1953) 

22 T Thunberg, SUnd Arch Physiol, 40, 1 (1920) 
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glucose*6-phosphate is dehydrogenated to 6-phosphogluconoIactone 
(probabl> the S-lactone) The lactone readilj undergoes hjdrolysis 
to give 6-phosphogluconic acid 

Reduced TPN is not autoxidizable to an\ appreciable extent, and the 
oxidation of reduced TPN must be effected by the oxidized form of 
another oxidation-reduction sjstem, in mammalian erjthrocjtes this 
appears to inxohe an cnzjmc-catalyzed bimolecular reaction between 
reduced TPN and an appropriate flax in nucleotide The TPN sj stem thus 
acts as an electron carrier betneon the glutose-6-phospliate sjstcm and 
the flax in nucleotide sjstcra 



fig 1 Absoqjtioa «pectra of tnphospLopj ridmc nucleotide (solid Ime) and of re- 
duced triphO'phoi) 3 ridine micleotidc (dnsli Jioe) 

The quintitatixc obscrxation of the conxcr^ion of TPN to its reduced 
form IS facilitated bj a striking difference m the nb-orption spectra of 
tlic tx\o forms It x\ill be noted from Fig 1 tliat reduced TPN has a 
distinct absorption band xMth a inaximum at 340 ni/t and that tins band 
IS absent m the spectrum of the oxidized form The same spectral dif- 
ferences max be demonstrated xxitli DPN and its reduced form Karrcr 
has shoun tliat the appear incc of the nbsorjition band at 340 ni/i upon 
reduction of DPN or TPN can be simulated in a model 53 stem using tiic 
niclhiodulc of nicotiminide, i dcrixatixc of nicotinamide in x^lnch 
the pxndine nitrogen has been eonxerted to the quatcrnar 3 p 3 ridimuni 
form Upon reduction of the quatemao base with alkaline li 3 drosulfitc 
(XanSjO^), the corrc-ponding lixdropxndmc compound is formed, tlii= 
Ins a distmctnc ab'orption band at 3G0 ni/t 

\lthough Karnrs work Ie<l to the recognition that tlie oxidition and 

I’O Con nml I I ipmnnn J Ihol them 191, -117 (19j 2), \ I Urmlic nrul 
I I ipminn 212, C77 (iaX5) 
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Table I Dehydrogenases that Cafalyxe Oxidation-Reduction Reactions 
between a Metabolite System and a Pyridine Nucleotide System 


Enz> me and Source Metabolite System 

Alcohol dehjdrogenase 

(yeast) CH,CHiOH/CH,CHO 

(b\er) *-CHiOH/— CHO 

Aldehyde dehj drogcnase — CHO/ — COO“ 

(hver) 

(>east) 

ForraaIdeh> de dehj drogenase(h\ cr) HCHO/Forraate 

Tormic dehydrogenase (peas) Formate/CO 

Glucose dehj drogenase (h\ er) n-Glutopj ranose/ 

n-Gluconolactone 

Glucose-6-phosphate dehj drogenase D-GlucopjTanose-G-phos- 
(erythrocjtes, yeast) phate/B-Phospho-n- 

gluconolactone 

Glutamic dehvdrogenase L-Glutamate/ft-Ketoglu- 

tarate + 

(li\ er) 

(higher plants) 

(bacteria) 

Glutathione reductase (plant and Glutathione/Oxidized 

animal tissues) glutathione 

GI> ceralcleh j de-3-phosphate d-GI> ceraldehy de-3- 

dchydrogenase (muscle, jeast) phosphate 4- phos- 

phate/D-1, 3-Di“ 
phosphogljtenc acid 
Glycerophosphate dehydrogenase wi-Gl> cerophosphate/ 

(muscle) Dih>droxyacetone 

phosphate 

Gljoxyhc reductase (plants) Gljcolate/Gljoxjlate 

/3-Hydroxj acj 1-CoA dehj drogenase L-/3-H\droxjbutyrjl-CoA/ 

(h\er) Acetoacetj 1-CoA 

^-H j droxj butync dehydrogenase D-^-Hydroxj but jTate/ 

Giver) Acetoacetate 

^-Hj droxj butj ryl-Co A n^d-Hy droxx butvryl-CoA/ 

dehydrogenase (hver) Acetoacetj l-Co\ 

Isocitnc dehj drogenase d-Isocitrate/Oxalosuccmate 

(heart) 

(amroal tissues) 

(yeast) 

Lactic dehydrogenase li-Lactate/PyTUvate 

(heart) 

(muscle, li\ er) 

Mahc dehydrogenase (muscle) L-Malate/Oxaloacetate 


Specificitv for 
DPN or TPN 


DPN 

DPN 

DPN 

TPN > DPN 

DPN 

DPN 

DPN or TPN 
TPN 


DPN > TPN 

DPN 

TPN 

TPN > DPN 
DPN 


DPN 

DPN 

DPN 

DPN 

DPN 


TPN 

DPN 

DPN 


DPN > TPN 
DPN 

DPN > TPN 
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TPNH (not DPNH) bj GSSG®^ Subsequently, preparations of gluta- 
thione reductase obtained from a cast and li\er \\erc found to catalyze 
the oxidation of both reduced nucleotides, although the reaction ^\ith 
TPNH was more rapid 

Many of tlic pyridine nucIcotide-dcpcndent dehydrogenases are rela- 
tucly specific for the DPN system, and others are specific for the TPN 
system, for some enzymes of this group either nucleotide system 1 = 
efTccti\c, although a difference m rate is usually ob^or^cd It should be 
added, howe\er, that crude preparations of a dehydrogenase occasionally 
catalyze reactions with both nucleotide systems, but, on further purifica- 
tion, specificity yyith respect to DPN or TPN becomes eyidcnt In 
regard to the specificity of the dehydrogenases toward the metabolite 
systems, the apparent sharp specificity of glucose-G-phosphatc dehy- 
drogenase toward gluco«e-6-phosphatc is the exception rather than the 
rule Many instances of rclatiyc specificity (cf p 276) for metabolite^ 
are known, for example, parti illy purified glucose dehydrogenase (ox 
by or) catalyzes the oxidation of xylose (p 410) at about one-fourth the 
rate for glucose As witli all enzymes, the uncquiyocal study of the 
specificity of dehydrogenases depends on the ay ailability of highly puri- 
fied preparation® It has been obsened frequently that closely related 
metabolites are oxidized (or reduced) by a pyridine nucleotide system 
in the presence of rclatncly crude dehydrogenase preparations from 
different biologic il sources The question then arises whether enzymes 
of the same specificity arc inyohcd, c\on though the names ns&igncd to 
the enzyme preparations from different sources refer to different metab- 
olites For tins rcison, tlic nomenclature of some of the less thoroughly 
purified dehydrogenases is uncertain 

In Tabic 1 arc listed some of the better-known dehydrogenases, 
together y\ith tlic metabolite system yyith yyhich they arc usually a®'0Ci- 
ated, and the specificity for the py ndinc nucleotide -y stem T\ here either 
pyridine nucleotide can ‘•tr\c as a reaction partner, the specificity is 
indicatid by the rclatuc cffcctiy cnc*-? of DPN ind TPN (for further 
details sec Mchlcr ct al -’) 

For the experimental o])«cryntion of oxidation-rcduction reaction-- in 
which the DPN or the TPN system participates, ndyantage is taken of 
the ‘•triking difference in the absorption spectra of the reduced and 
oxidized forms of the pyridine nucleotide- At 340 in;t, reduction of 

2’ I y\ Xlnp on an<t D U Go*hjinl Dtorhrm J 19, 502 (1051), I I Conn 
nnd 11 \cnnrhn<l J hint Chrm 192, 17 (10,1) , T \\ Kill md \ L Itliningf-r 
191.110(10,2) 

2*1 l{nck<r J Ifinl CAfMi 217, 855 (IloS) 

2-' A II Mrhicrrtnl J Ihol C/jrm , 171,961 (191S) 
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K = 


[CH3CHO)fDPNH)(H+) 

[CHaCHiOHJIDPN+l 


= 1 X 10-“ u 


It mil be seen that the equilibrium in the reaction as written on p 317 is 
far to the left, and that the cnavme could be named more properly 
"aldehyde reductase ” In a buffered solution at pH S, [H+J “ 30~*, and 
the quotient [CH^CHO] tDPNHl/[GH 3 CHjOHl [DPN+j equals about 
0 001 Clearly, this quotient depends on pH and the oxidation of ethanol 
IS fai ored by tiie addition of hydroxide ions 
In other enzyme-catalj zed oxidations of alcohols by DPN+, the 
equilibrium constant also is m favor of DPNH oxidation At 25” C, 
the equilibrium constants (in the direction of DPN+ reduction) for the 
reactions catalyzed by gljovylic reductase,® malic dehydrogenase,® 


CHjOH CHO 

I +DPN+ Itai: | + DPNH + H+ 

COO' itdoMTO COO' 

CSycolate GI>ox>la(e 

COO- coo- 

malic 


HOCH 


+ DPN%gt,.C=0 +DPNH + H* 


CHjCOO- 

loMataCa 

coo- 

HOCH + DPN+ 
CHs 

]>Lacta{e 


geaase 


IHzCOO- 

Oxaloacctate 


lactic I 


debydn}' 

genaae 


<!i: 

0 

COO- 

0=0 + DPNH + H+ 


CHa 

rjTVvate 


CHiOH , CHzOH 

/ alyccro* j 

pbowhatc I 

HOCH + DPN+ C«=0 

j dehydiD* I 

CHjOPOcHa CHaOPOaHs 

K* Glycerophosphate Dihydroxyacetonc 

p)io«phate 


+ DPNH + 


lactic dehydrogenase,'® and gljcerophosphate dehjdrogenasc*® \re 


about 


sfJ I Zehtch, J Biol Chi m , 216, 553 (1955) 

27 F B Strpub Z physiol Chem. 275. 63 (1942) K Burton and T H TVibon, 
Biochem J 54,86 (1953) 

2^J B NeiKnds J Bwl O/tt-m , 199. 373 (10S2) , D M Gibson U al, tM. 2U», 
397 (1953), M T Htikah ct nl tbtd, 221. 191 (1056) 

2»T Baranowski, J Biol Chem, 180, 535 (1949), G Bpiscnlierz ct a) , Z 
foTsch^ 8b, 555 (1953) 
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DPK+ (or TPK+) Ic'ids to an increase in absorbance, reoxidation 
of DPNH (or TPNH) causes a decrease in absorbance (cf Fig 2) 



ri 0 2 CInngc? in ab'orbnnrc (cf p 72) nt 340 him is \ function of time m the 
reduction or oxidUion of DI’\ (or TPN) Initnlb Hic specific dohjdrogena«c 
DPN md the reduced form of the metabolite «\stcm nre present At arroiv 1, 
equilibrium Ins been nUained tlic nildition at this point of the oxidized form of 
the mctiliolite s^*tem ciu'cs the rcoxidition of «omc of the Dl’MI At arrow 2 
more of the reduced form of the metabolite ^Mem i-s added and DPN is ogam 
redured to DPMI 

Mechanism end Kinetics of Dehydrogenase Action Among the pjn- 
dint nuclootiilc-depcndcnt dch\ drogcnn^-cs, the large'*! number of knonn 
cn 7 \mcs ntnljzc o\idation-rc<hiction rcactionb iniohmg alcohols 
and the corro^po^dmg aldclndcs or ketone^, and reactions iniohing 
ildcliMlcj? (or their dcrii itiics) and the corresponding carboxjhc acids 
(or their (Icriiatiic**) Rcprc^cntatucs of the first group arc the alcoliol 
<lch\drog<na<=c- of iCT'-t and of lucr, an<l, of the ceconil group, gljcer- 
ihlclndt-J'pIiO'ph'itc deliidrog(m«c (from tci'-t and from muscle) 
The mttn‘‘i\t "tiKh of the mcr)inni<-m and kinetics of the action of tliccc 
hlglll^ purified cnzMiU" lin^ contributed much to the undcr'*tnnding of 
the wa\ in wliicli otlitr dchMirogc.ni‘*e‘* function ns ‘•pccific cataljsts in 
oxidation-rcduction reactions 

\lcoho! dch\ drogen i**!. c itnUzis (lie rt iction 

cH-tCir.oii + ni'N+^cii-ciio + dpmi + n+ 

When tiic tnzMiK i** present m a concentration much k" than tliat of 
till n let lilt" (cf j) 211), (hi cquilihrium con-t mt of the ri iction 





322 GENERAL BIOCHEMISTRY 

absorption maximum of free DPNH is shifted from 340 in/t to 325 mu 
TV hen DPNH is bound to Iner ADH (the jeast enzjme does not show 
this effect) Subsequent studies by Theorell et al by the measurement 
of the fluorescence of free and bound DPNH, ga\e somewhat different 
values of the kinetic constants Although the data may require further 
revision, they illustrate scTeral important principles that are not likely 
to be \itiated b> more accurate determinations in the future 
The reduction of acctaldehjdc bj' DPNH in the presence of hver 
alcohol dehydrogenase (cnz>mc concentration much smaller than that 
of the reactants) has been formulated as follows 

(1) ADH + DPNH ADH-DPNH 

(2) ADH-DPNH + CH3CHO + H+ ADH-DPN+ + CHaCHaOH 

u 

(3) ADH-DPN+ ADH + DPN+ 

kt 

ADH refers to the portion of the protein that binds 1 DPN+ or DPNH 
molecule, and the Vb denote the ^cloclty constants of the individual 
reactions No compound of ADH with CH 3 CHO is included, because 
the kinetic data indicate that the rate of its dissociation is more rapid 
than the dissociation of ADH-DPN+, which is rate-limiting (cf p 256) 
Similarly, in the reverse direction, the rate 0 / dissociation 0 / ADH-DPNH 
IS rate-hmitmg, and no ADH-ethanol compound is included However, 
this does not mean that such ADH-raetabobte complexes are not formed 
The experimentally determined rate constants at about pH 7 and 
25^ C are « 

Al - 3 7 X IQo sec-> A 4 [H+I = 2 4 X 10® sec~* 

As = 1 6 sec-i As = 3 X 10^ sec-* 

h - 37 sec-* As = 3 5 X 103 sec-* 

From these kinetic data, the dissociation constant of ADH-DPNH 
{Kr’== kn/ki) mav be calculated to be about 04 X lO"® H, and that 
of ADH-DPN+ (A'« = k.Jkz) to be about I 2 X 10”^ il/ This shows 
that DPNH IS bound bj liver ADH much more firmlj than is DPN'*' 
The ratio of KJKr is about 300, and substitution of this value in the 
equation given on p 303 permits the calculation of tlie oxidation- 
reduction potential of the conjugated protein If —0 32 volt is taken 
as the value of Ao'fpH 7, 25®) for the free DPN sjstcm, the correspond- 
ing value for the liver ADH-DPN Q^stem is about —024 volt 

The equilibrium constant of the bimolecular oxidation-reduction rcac- 

TfaeorcII et al , Acta Chem Scand, 9, 1148 (1955) 
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2 X 10-^"' M, 8 X 10-13 il/, 3 X 10-12 jind 7 x IO-12 rcspcc- 
tn oh 

Crjstillme preparations of alcohol dch\drogcnase ha^c been obtained 
from jcasti® and from horse Iner.i’ the t\No proteins are markedlj 
different in their properties ^ca^t alcohol deh>drogenasc acts on ethanol 
more rapidlj than on higher alcohols (eg, n-propanol, n-butanol), 
whereas the liver enzjme has a broader specificity toward carbinol com- 
pounds, and even acts on long-cham pnmarv alcohols such as vitamin A 
(Chajitcr 27) The yeast enzvinc has a particle weight of 150,000, 
whereas the value for the liver enzyme is 73,000 The two enzyme 
preparations also differ in their response to inhibitors such as lodoacetate 
Zinc has been found to be a constituent of both alcohol dehydrogenases, 3- 
as well as of some other pyridine niicleotide-dcpendcnt dehydrogenases 
(c g , muscle lactic dcliv drogenase) 

An important property of alcohol dehydrogenase (from yeast and from 
liver), and of other dehydrogenases, is that they catalyze not only 
electron transfer but al«o direct hvdrogcn transfer (cf p 290) This 
discovcrv, made bv Vcnncsland, \\ cstheiincr, and tlicir associates, 3® has 
provided unequivocal evidence in favor of the view advanced in 1912 
by H ■\^leland, on the basis of evptrimental data that were later shown 
to be fallacious, that hydrogen transfer occurs in dehydrogenation reac- 
tion« Vennesland and ^^esthclmcr showed that, when ctlianol labeled 
with deuterium (D) reacts with DPN+ in the presence of alcohol dchv- 
drogenase, the isotope content of the reduced pyridine nucleotide is 
con«ii->tont with a direct transfer of deuterium, and evcludes the participa- 
tion of the protons of the medium in the transfer In the reverse reaction, 
when acetaldehyde reacts with doutoroDPNH (produced m the forward 
reaction), the deuterium is transferred dircctlv to the metabolite and 
nppcirs m the ethanol Furthermore, m the enzyme-catalyzed process, 
deuterium is aildcd to the pvndinc ring m a stcrcospccific manner, the 
o\id ition of (kutcrocthanol lcad^ to tlit formation of onlv one of 
the two possible stereoisomers of ikutcroDPAH that differ m the rela- 
tive location of the deuterium and hvdrogcn atoms at the 4 pO'ition of 
the ring (‘•ce equation shown on p 320) The «\me loonier is produced 
in the ruluction of DPX"^ b\ Inbdid i-mdate or i-Iactate, citilyzcd 
1)V malic dehv<Irogcna«e or lactic dchv<lrogena‘*e ^c^pcctl\cl\ On the 

'”1 nnd 11 J Pulfl Hinchctn 7 293, Sol (1037), L llnckcr J Biol 

Chrin ini.313 (lOoO) 

It Iv Bonnirh < n Ir/oC/itm 1 , 71 ^( 1000 ) 

*-11 I %«llro nnd I 1 lloch J Uiol Oirwi 225, 1S5 (19j7) 

** II \rnnf''<lind nnd I II ^^c«tllClnur in U D McI-Iro\ and R GK <5 Thr 
l/ff/tfinirrn o/ In ymr lflm« John« IIopLinn I’rc^-< IJnltmiort' l^Vl 
** I J nnd T 11 I lu / Im Chem 53, S'VjO (1031) 

‘■-I \ rt nl J liiol CArm, 202, COO {1953), 212, 7S7 (19o.>) 
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are similar in many respects, they both have a particle weight of about 
130,000 bj ultraccntnfugal analysis,, and do not differ greatly m ammo 
acid composition « Both proteins bind DPN*' {3 molecules per unit of 
about 130,000), m fact, when the enzyme from rabbit muscle was first 
isolated in ciystallmc form, it was found to contain DPN The pyiidmc 
nucleotide can be readily dissociated from the conjugated protein by 
treatment with charcoal, which strongly adsorbs DPN The active 
enzyme {from yeast and muscle) eontams sulthydryl groups, which are 
readily oxidized by oxygen, and some of which are essentia! for catalytic 
activity They may bo regenerated, with concomitant restoration oi 
activity, by treatment with sulfliydryl compounds such as oystome or 
2,3-dnncrcaptopropanol As wuth other enzymes whose catalytic action 
requires the presence of intact sulfliydryl groups, glyceraldchyde-S-phos- 
pliate dehydrogenase is protected by agents (eg, ethylenedianiine- 
tctraacetntc) that bind meta! ions, and is strongly inhibited by lodoacelate 
(of p 325) 

Warburg found that the reaction catalyzed by gly'ceraldehyde-3- 
phospliato dehydrogenase involves the participation of inorganic phos- 
phate, and the work of Nogclcm and Bromcl** showed that the product 
of the reaction is 1,3-diphosphogIyceric acid The latter discovery repre- 
sents one of the most important advantes in the understanding of the 


CHO 


HCOH -f DPN+ + HaPOi 

I OH 

I I 

CHj— OP=0 

I 

OH 

^phosplutte 


cHCOH 


0 OH 
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C-OP^O 

1 1 
OH 

OH 
I I 

CHs-OP=0 

OH 

l>>l,3<t>ipbospbe>- 
gi>kenc acid 




mechanism of coupling betneen biological oMciations and endergonic 
reactions, and is discussed more fully later (Chapter 15) 

In attempting to interpret the mechanism of tlie reaction catalyzed b> 
glj ccraldehyde-3-phosphate dehjdrogcnase, Warburg assumed that an 
intermediate 1,3-diphosDliogljceraldehyde T\as formed by addition of ttip 
elements of phosphoric acid to the aldehyde group, followed b> an 


«s F VelicJv and S Udenfriend, J Biol Chem, 203, 675 (1953) 

-‘fJS r Vehcl et ftl . J Dwl Ckem, 203 , 627, 5-15, 563 (1953), J B Tox, Jr., m 
W B DandljUr.i6id, 221, 1005 (1956) 

«J F Ta>Ior et al, J Bwl Chem, 173 , 619 (1048) 

«E NeRclem and H Bromcl, Biochem Z, 303, 132 (1939) 
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tion (the summation of the abo\c reactions 1, 2, and 3) 

DPNH + CH3CHO + H+^DPN+ + CH3CH2OH 

IS gi\en b> the quotient Lo/isLc// and ma> be calculated from the 

kinetic data to be about 05 X 10“'*, m reasonablj good agreement 
^\lth the result of direct measurement of the concentrations of the 
reactants at equilibrium (cf p 318) If the cnzjme concentration is 
increased, the apparent equilibrium constant also is increased 
The abo\c kinetic data maj be used for tlie calculation of Km \alues 
for DPNH and acctaldehj dc m the for^\ard reaction, and for DPK+ and 
ethanol in the reicrse reaction, the Michaelis constants obtained mav 
tlien be compared nith the A„ \alues determined from the measurement 
of initial rates nhen one reaction partner is present in excess and the 
concentration of the other is xaricd (cf p 252) With liver alcohol 
dehydrogenase, /vm(DPNH) determined in the latter manner is about 
1 X 10“ ’■* M , this denotes the concentration of DPNH required for half- 
maximal vclocitj when acctaldchjdc is present m excess In a similar 
manner, Am(acctaldcliydc) ma> be determined in the presence of excess 
Dt'KH, and equals about 1 X lO""* M In the reverse reaction, 
ivm(DPN‘*') and A„(cthanob have been found to be about 1 X lO”^ M 
and 6 X 10“* M rcspccUvol) 

Cltarlj, m the reaction between DPNH and acetaldehyde, catalyzed 
by small concentrations of liver alcohol dehydrogenase, the Michaclis 
const int for DPNH is not the same as the dis&ociation const int of 
ADH-DPNH (Ko/lO It will be recalled that A« - (k. + kz)/ki \nd 
th it h„ - / ,/ki onlv when k. is much greater tlian I a (cf p 255) The 
above kinetic dat i show that m tins system kj i« greater than ko, and 
thtrefort A«, approximates ka/kj = 37/(3 7 X 10”) “ 1 X 10~ in excel- 
lent igrtcmcnt with the value dctermmeil hy direct mca'^urement of Am 
The Am values for the three other components m »v be calcuhtcd from 
the kinetic data Amlacctddchydc) k-i/f 411I+) = 1 5 X 10“* 1/, 
Am(DPN + ) “• ko/k-, - 5 X lO"” M, Am(cthnnol) “k./kr, ■= 5 X 10”* 
M Tlit-o V aluc« agree rc i^onablv well with tlio-^c determined directly 

As mentioned earlier, valuable inforuution about tlic mtcliani«m of 
dchy drogcin‘'C nrlion ha‘> come from '■tudics not only with alcohol dchy- 
drogtni-t, hut ul-o glyecrahUhvdi-S-pho’jphatc dehydrogenase The 
litter onrvmc (aho named Ino-e pho'-phak deiivdrogen 1^0, TDII), 
whieli perform^ m important role in the anicrolnc lirtakdown of gluco-c 
(Chapter 19), hux been i^uhteil in crv^tnlhne form from yeasH’ and 
from mu'.cli Although not identical, tlic p^otcln^ from the two ‘•ources 

”0 \\«vrl»»trK itkI W Chn«tnn lUiMrhrm A 303, ^0 (1930) , G M Unfit r nn<l 
I (i Kreln Jrr;. Ilinrhtm 29,233(19*0) 

*'0 T Con cl al J ISio! Chem 173, (KXj (lOlS) 
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in die oxidation ol other aldch>dci> {acetaklehyde, gljceraldehjde) b> 
gIyceialdehjde-3-phosphatc dehydrogenase For example, the enzyme 
catalyzes the formation of acetyl phosphate (CH 3 CO — OPO 3 H 2 ) from 
acetaldehyde and phosphate m the presence of DPN+, on treatment of 
the DPN+>free enzyme with acetyl phosphate, an acetyl-cnzjme is 
obtained Of the several known substrates of the enzvrae, gljceraldc- 
hyde-3-phosphatc is the one oxidized most rapidly, about 1000 times as 
much enzyme being required for a comparable rate of oxidation of 
glyceraldchydc When the enzyme is saturated w ith respect to glyccral- 
dehyde-3-phosphate and to DPN+, the turnover number is about 8CK)0 
raolccuicfe of DPN+ per minute per unit of 130,000 {pH 86 , 27° C) 

In the early studies on g!yccraldchyde-3-phosphatc dcliydrogcnasc, 
T\arburg showed that, when phosphate (Na^HPO^) is replaced by 
arsenate {Na 2 HAs 04 ), the product of the reaction is D- 3 -phosphoglyccnc 
acid AVith the recognition of the acyl-cnzyme as an intermediate in the 
reaction, this effect has been interpreted as an arsenolysis of the acvl* 
enzyme to form a carboxyl arsenate group ( — CO — OAsOs®"*) m the 
oxidation product However, this group appear*! to be much more 
unstable m water than is tlic carboxyl phosplute group of l, 3 'dipho!'pho- 
glyceric acid, and rapidly undergoes hydrolysis to 3 -phosphogly cenc acid 
and arsenate In thisi connection, it should be added that the enzyme* 
DPN+ complex catalyzes the hydrolysis of icctyl phosphate Glyccral* 
dchydc-3-phosphatc dehydrogenase is therefore an enzyme that catalyzes 
not only oxidation reactions involving aldeliydos and DPN'^, but also 
transfer reactions in winch acyl groups react with phosphate (phospho- 
rolysis) or with water {hydrolysis) 

The importance of sulfliydryd groups in the action of glyceraldchydc- 
3-phosphatc dehydrogenase invites tlic question whether analogous acyl- 
enzyme compounds having thiol ester bonds arc formed m the action of 
other dehydrogenases that catalyze reactions between aldehydes and a 
pyndinc nucleotide AUhougli this is likely for liv'cr aldehyde dehydro- 
genase,'^^ the evidence is not so extensive as for glyceraldchydc-3- 
phosphate dehydrogenase With liver formaldehyde dehydrogenase, 
glutatinonc is a specific cofactor, and the possibility exists that a thiol 
ester (S-formyl glutathione) is formed by the dcliydrogenation of the 
corresponding semimercaptal of formaldehyde 

Enzymes similar to the gIyccraIdehyde-3-phosphate dehydrogenases 
of yeast and muscle have been found in other biological systems, 

53 c F Con ct al , Btochxm et Biopkys Acta, 4, 160 (1950) 

ME Rackor, , Biol C/iom, 177, 883 (1813), I P Kendal oml 4 I? Romara- 
than, Biochem J 52,430 (1952) 

Stnltroatter and E G Balt, J Bial Chem. 213, 445 (1B55) 
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enzjme-cataljzed dehydrogenation of tins intermediate Later experi- 
mental data uere incompatible with this hypothesis, it has been replaced 
b^ the MOW that an ‘'ncJl-enz^me” is formed m the dehydrogenation 
reaction, and that 1,3-diphosphogly ceric acid arises by phosphorolysis 
of the ac.y 1-enzyme 

KCHO + DPN-*- -i- enzyme-H ^ RCO-cnzyme + DPNH -h H+ 
RCO-cnzy mo + HaPOj :;=i RCO — OPO3H2 + enzy me-H 
The mechanism whereby the 3-phosphog!yceryI-enzyme compound is 
formed has not been elucidated completely,*^ but the work of Racker 
suggests that the aldehyde and the enzymC'DPN+ complex interact, 
with the reduction of the jiyridme nucleotide and attachment of tlie acyl 
group to the enzyme, as shown in Fig 3 Racker has proposed that the 
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Flo 3 Po5tuhted mocliartHtn of aldehyde oxidation by glycer'ildch\de-3-phosphftte 
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acyl group is linked to the enzyme by a llnol ester bond, inyoUing 
the sulfhydrjl group of glutathione bound to the dehydrogenase-'* This 
hypothesis is supported by the ob‘-er\ation that compounds known to 
combine with sulfhydryl groups (lodoacet itt, p-chloromcrcuribcnzoatc) 
and to inactiyatc the enzyme affect the broatl 3G0 ni/x absorption of the 
cnzymc-DPN+ complex It Im-s aho been shown tint, in the absence 
of DPiS'*’ (rcino\cd by charcoil), 1,3-dipliospliogly ceric acid reacts with 
tlic enzyme to form a stable ncyl-cnzyme wliicli can be isolated in 
cry^-tallinc form - 

The intcrincjlnte fonnation of acyl-tiizyino compounds is nl-o obsened 

I Hickcr nnd I I\nm«ky, J Hint Chem , 190, 731 (19)2), J Hirtin^ and 
^ I ydick tbul , 207, SC7 (19»|) 0 t\arlmi>. cl al , / \aturforsch 12U, 47 
<19)7) 

P I) PoMrand II L m W D MrHro\ and B Ch««, UccAanitm of 

hi i/mr dclion, Jolini Ilopkjn** I’n“< Biltiinorc 19'l 
“• 1 IlTckcr in S Coloauk cl al Gtulalhume, Acndimic I’rcxs Inc New ^ork 
la ,1 

Kriin ky nnd K RAckcr,5<*tcn«, 122,319 (1955) 
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Gliccraldehyde-S-phosphate 

deh>drog£Qase 

{ 


GIyceraldehyde-3-pho9phale 
+ phosphate 


Ethanol 


1,3-Djphosphog]yce«cacid' ^ Acetaidehjde 

+ H+ 

Alcohol dehydrogenase 


\alues of Eo' for the tv,o metabolite systems Since AF' — —n^ AEo 
(cf p 301), the standard frce-cnerg> change (AP) m the reaction 
(at pH 7 and 25* C) is appro\jmntolj 2 X 23,063 X [(—020) ~ 
(—029)] = —4150 cal 

Coupled reactions of this type are sometimes termed "pjridine nucleo- 
tide-linkcd dismutations” or “coenz) me-linked disrautations " In the 
scheme shown abo\c, the DPN system functions as an electron carrier 
from gIjceraldehjdc-3-piioi.plmtc to acetaldchjde, and the dismutation 
imohcs the operation of 2 catalytic proteins TJic components of the 
DPN sjbtem may be considered to shuttle back and forth between these 
proteins, hence a small quantity of the p>ndine nucleotide causes the 
transformation of much larger amounts of glj ceraldeh> de-3-phosphate 
and of acetaldehyde 

Another example of a DPNdinked dismutation is provided by the 
conversion of acetaldehyde to ethanol and acetic acid by extracts of 
animal tissues This Cannizzaro reaction was thought for some time to 
be catalyzed by a single enzyme, termed “aldehvde rautase,” but Packer'^ 
has showTi that the rciction mvol\cs the coupled action of alcohol 
dehydrogenase and acetaldehyde dehydrogenase, as indicated 


Alcohol dehydrogenase 


Acetaldehyde \ y DPNH \ y AcetJC acid 
+ H'*’ 


NHv 

Y 


Ethanol ^Acetaldehyde 
I +H2O 
Acetaldebytle dehydrogenase 


Olher Pyridine Nucfeolide-Dependent Dehydrogenases It will ^ 
noted that Table 1 includes several enzymes m addition to those alrendy 
mentioned m this chapter Most of these will be discussed later m 
relation to the metabolic patliways in which they participate For 
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including plant ti«:sues In addition, hone\er, leaves contain glycer- 
aldch>dc-3-phosphate dehydrogenases that are specific for TPN"'" 

Coupled Enzyme Reactions Involving Pyridine Nucleotides In the 
Oxidation-reduction reaction bctucen 1,3-diphosphoglycerio acid and 
catalyzed b> small amounts of gl> ceraldehy de-3-phospliatc 
dehydrogenase, the concentration ratio (glyceraldohyde-3-phosphate] 
[DPN+llHPOi2“]/[i^.diphosphoglyceratel[DPNH] is near unity at 
pH 7 and 25® C, tlic \alue of Eq for the metabolite system has been 
calculated to be about —0 29 xolt Analogous calculation (cf p 300) of 
the L’o' Nalucs at pH 7 and 25® C for other metabolite systems, based 
on the \aluc of —0 32 \olt for the DPN or TPN system, has gi\cn the 


following potentials 

li-Malate Oxiloicetite ~0 17 \olt 

n-Iiactatc ;=i P\ ruv itc —019 

iwx-Gljceropho'ipiiate ^ Dihjdroxy acetone piiosphate —0 I9 

I tlnnol Acctaldch\ de —0 20 


Although none of the«c systems is clcctroactn c at metallic electrodes 
(cf j) 302), potcntiomctnc measurements ha\c been performed in tlic 
presence of the appropriate enzyme ay item and of an eicctroactiae 
oxidation-rcduction system (a mediator) winch facilitates electron 
exchange between the metabolite and the metallic electrode In 

sea oral instance*', tlic results agree well with tlic potentials calculated 
from the cqmUbnum concentration ratios in a reaction w vth an oxidation- 
reduction system of known potential Howcaer, both the equilibrium 
data and the direct potcntiomctnc measurements in the presence of medi- 
ators are subject to some uncertainty, and the aboac Eq' aalucs must be 
considered approximation's 

In the cnzamo-catalvzcd reaction of glyceraldehyde-S-phosplntc, 
DPN+, and plio'-plntc to form 1,3-diphosphoglyccnc acid, equilibrium 
IS cs'tablislicd when only partial conairMon of the miti il reactants his 
occurred In contrast to the result of «uch an I'-olated enzamo cxpcri- 
nunt, when thi'* rtution take- place during the fermentation of gluco«c 
to alcohol, it protcoiN ncirly to completion To achieae this compkti 
conacr^ion, energy mu'-t he put into the system Part of this energy is 
proaidcd ha the exergome reduction of acctildchadc by DPJsH (cf 
p 318), eatalazed ba alcohol dehydrogenase Thi>5 txcrgonic reaction 
driaes the oxidation of gl\cerddcliyde-3'pbo«plmtc to completion in the 
nunmr illu'^trated on p 328 The free energa cinngt in the coupled 
reiction gl\ ceraldehado-3-pho-plntc + phosphite + acctaldehado 
1,3 dipho'pliogKcenc acid + ethanol may be e-limntcd from the aboac 

11 \x< Irtxi cl n1 , 7 Chem , 202, CtO (19 j2) 

K lliirUiti itnl T H MiPon Itufchcm J,5l V, (I 0 o 3 ) 
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Flavin Nucleotides 
and 

Flavoproteins 


In 1879 Blyth described the isolation from milk of a yellow pigment 
(named lactocliromc) wliicli slioned a striking green fluorescence This 
pigment was not studied further until 1925, wdien Blejer and Kallman 
re-exammed its properties During the period 1932-1934, several pig- 
ments with similar optical properties were discovered in heart muscle 
extracts, m egg yolk, and m other tissues Various names were given to 
these jcllon substances (cytoflavc, Ijochromcs), and, although it was 
later found that not all these pigments are flavins, it soon became clear 
tliat flavins occur m all cellular s>&tcms t!»at have been examined B> 
1936 the chemical nature of the >eJ!ow pigment of egg yolk and of milk 
had been established, largelj through the work of Kulm and Karrer, it 
was also shown that tins pigment, named riboflavin, is identical vMth 



CHjOH 


vitamin B> (Chapter 39) In riboflavin, a sugar residue, n-nbitol, i" 
attached to an isoalloxazme ring, the compound maj therefore be named 
6,7-d]methyl-9-(l'-D*rJbjty])isoalloxa2ine It will be noted that tlie 
linkage between the sugar and the heterocyclic unit is not a glycosidic 
one, as m the nucleosides derived from the nucleic acids or in tlic p>ridine 
nucleotides 

An important contribution to the elucidation of the structure o 
riboflavin came from the studies of Warburg and Christian on the 
mechanism of the oxidation of glucoso-6-phosplmtc by mammalian 
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example, glutamic dehj drogonase plajs an important role in ammo acid 
metabolism, isocitnc dchxdrogcnasc is a kcj enzyme in the citric acid 
ejcle, and /9-hjdro\jac\l-CoA dehydrogenases arc participants in the 
breakdown and synthesis of fatty acids Other pyridine nuclcotide- 
dependent dehxdrogenascs will be encountered in the discussion of the 
role of sc\cral important metabolic intermediates, such as shikimic acid 
and orotic acid 

Two other metabolic piocej>scs, to be considered in relation to the 
aerobic oxidation of carbohydrates to CO» and HoO, also inxohe 
the participation of DPN-dependent dehydrogenases These processes 
arc the oxidation of pyruMc acid to acctyl-CoA and COo, and the oxida- 
tion of a-ketoglutaric acid to succinyl-CoA and CO™ Both in\ol\e the 
participation of lipoic acid {cf p 30G) , and it is hchex ed that a “dihy dro- 
li])Oic acid dehydrogenase” catalyzes the biinolecular oxidation-reduction 
reaction between DPN+ and reduced hpoic acid 
To these dehydrogenases may be added enzymes that catalyze the 
reaction 

TPNH + DPN+ ?iDPNH + TPN+ 

buch enzymes, termed “pyndinc nucleotide transhydrogenases,” ha\e 
been found in animal tissues and m Pseudomonas fluorescens It has been 
suggested that, m animal tissues, transhydrogenase catalyzes hydrogen 
transfer between bound and free nucleotides^® Transhydrogenase also 
max permit the oxidation of TPKH by O 2 'la electron transfer pathways 
specific for the aerobic oxidation of DPNH (cf p 371) 

x** I C Giin«ilus in \\ D Mcniro> nml B Gh‘>s jVrcftnnwm 0 / Enzyme Action, 
Johns Ilophins Prov* Biltimorc 195^1 

O Biiihn ct nl J liwl than 193, 107 (1052), 205, 1 17,3! (1953) 

‘■'*L G IHll nnd 0 Cooper, Proc Natl Acarf 5ci , 13, 357 (1957) 
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the Mew that, in the reduction of the isoalloxazine ring, the addition 
of electrons occurs m h\o separate steps, with the intermediate forma 
tion of a seraiquinone- (cf p 290) 



Oxidized flavin Reduced flavin 


Flavin Mononucleotide (FMN) Although riboflavin was first thought 
to be the prosthetic gi oup of the yellow enz> me, the w ork of Theorell^ led 
to the recognition that it is riboflavin-S'-phosphate Since the fliMn 
phosphate is composed of a base (dimcthyhsoalloxazine), a sugar {ribi- 



Riboflavin phoaphate (flavin mononucleotide) 

tol), and phosphate, it may be termed a nucleotide (fla\in niononucleo- 
tidp, FMN) Crystalline preparations of the yellow enzyme ha%e been 
obtained in various stages of purity, the most highlj purified material 
has a particle weight of about 100,000, and contains 2 molecules of FMN 
per molecule of this weight-* 

Upon dialjsis of the yellow enzyme against dilute acid, or by precipi- 
tation of the protein with ammonium sulfate at pH 2 5, the pigment is 
removed from the conjugated protein The flavin-frce protein does not 
replace the yellow cnzjme m the oxidation of glucose-G-phosphate by 
oxygen or by methylene blue, when the isolated PMN is added to the 
fla\m-free protein, the catalytic activity i*? rcstoied (cf Fig 1) In this 
respect, FNIN is much more effective than nboflaMn.® indicating that 
the presence of the phosphate m the 5' position is important in the 
binding of the fia\in to the protein 

2H Beinert.J Biol C/icm , 225, 465 (1957) 

2H Theorell, Bioc/icm 2,278,263 ( 1935 ) 

Theorell and A Akeson, Arch Btockem and Biovhys , 65 439 (1956) 

5K Kuhn and H Rudy.Ber chem <Jes , 69B, 2557 (1936) 



FLAVIN NUCLEOTIDES AND FLAYOPROTEINS 


331 


crjthrocjtes Thej showed in a memorable paper^ that, for the oxida- 
tion of glucose-6-phosphatc b> atmospheric oxjgen or, under anaerobic 
conditions, b\ methylene blue, a material present in red cells was 
required This material was also found to be especiallj abundant in 
>east, from which it was isolated in the form of a >eIlow pigment bound 
to a protein Warburg and Christian named this conjugated protein the 
“jellow enzjmc” The pigment could be rcmo\ed from the protein bj 
treatment of the j ellow enza me w ith methanol at 38° C Tlie protein-free 
pigment was con\erted bj \ inous reducing agents to a colorless (leuco) 
form, and the reduced pigment could be reoxidizcd b> molecular oxygen 



(6 ?'dinc hybllexum*) 



LumiAivin 

(6 ^ 9-tnmelhyliso«llo*»zme) 


heal 

alkali 


C 12 H 12 O 3 N 2 + NH 2 CONH 2 


The protcin-frce pigment «houcd a green fluorescence upon irradiation 
with ultraMolet or blue hglit (4400 to 5400 A), while the conjugated 
protein did not In the course of their btud\ of the chemical nature of 
llie A ellow pigment, arburg and Chri-'tinn disco\crcd that it was con- 
\crtcd, on irradiation in alkaline solution, to a substance of the composi- 
tion Cj HisO.N^ When this inatcrml was heated with alkali, urea 
wa<5 formed \\ ith Ihc'-c facts before him, Kuhn examined the efTcct of 
irradiation on the ^a^ m pigment from egg } oik and found that it bchaN cd 
in the e unc inanntr as arburg’- pigment, the product of irradiation in 
alkali wa-* naincil luinifla\in \i acid or neutral pH \ahKs, irradiation 
of rihofl iMii rf-ult- in the foiination of ImuichromL, i den^atl^e of 
illoxazinc 

Aftir the niturc of luminaMii bad been c'^t iblished, it became cMdcnt 
th it the oxid ition or reduction of the fl iMn iiuoKc*! the deh\drogcnation 
or h\<lrog( nation of the I'-oillox izine ring The fla\in oxidation-reduction 
s\«tim 1 “ ilc(troiclue at i iiietallic electrode, for nboflaMii, /To' *■ 
— 0185 \oU (pll 7, 20° C) raidence lia** been prc«cntcd m fa\or of 

>0 ASnrl.iirv me! \\ Cliri tun Ihitclum / 231, HS (1932) 
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at a relatively high Ic\cl, and varying the concentration of FMN (cf 
Fig 3) From a measurement of the concentration of FWN sufBcient 
to permit half-maMmal \cIocity, the value of for the yellon enzyme 
was found to be 0 X 10- a il/ at pH 8 3 



rig 2 Absorption spectra of Amm mononucleotide (solid line) and of old jellow 
enzyme (dash lino) 

As noted above, the yellow cnzy'mc is a catalyst m the ovidation of 
glucosc-C'phospliatc, with either oxygen or methylene blue (McB) 
serving as the ultimate electron acceptor It will be recalled from 
p 313 that the doliydrogcnation of glucosc-O-pliosphate is effected in a 
reaction with TPN+ Consequently, the role of tlio yellow enzyme is 
to catalyze electron transfer from TPNH to oxygen or to methylene blue, 
as indicated in the following equations 

(1) Glucosc-G-phosphate + TPN+ ^ 

6-PhosphogluconoIactone + TPNH + H'*’ 

(2) TPNH + H+ + FMN ^ TPN+ + FMNHz 
(3a) FMNHz + Oz -> FMN + HzOz 

(3b) FMNHz + MeB FMN + McBH + H+ 

Since Efy'ipli 7) for the TPN system is about -'0 32 \olt, reduced TPN 
should be able to reduce FMN Bcaction 2 does not occur at a rapid 
rate, however, unless FMN is bound to its specific protein to form a 
flavoprotcin sucli as the yellow enzyme Since reaction 1 is catalyzed by'^ 
another specific protein, glucose-6-phosphatc dehydrogenase, it will be 
seen that the reaction of glucosc-6-phosphate with oxygen or methylene 
blue involves the cooperative action of two specific proteins In addition, 
the reduced form of FMN serv'cs as the electron donor to oxygen or 
methylene blue Thus one may saj' that the yellow enzyme is the catalyst 
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The ^alue of Eq' (pH 7, 30® C) for the FMN oMdation-reduction 
sj totem IS — 0 219 \^hen the flaiin is attached to the protein portion 
of the jello^ enzjme, howc\er, the comparable ^alue of E^' is more 
potoitne (—0 123 \oIt),^ reduced FAIN is bound more tightly to the 



FIfl I Catnljtic c/Teci of ril)ofl'^tin-5-pho«>plnlc and of nbofla\m on the oxidation 
of gluco o-C-pho^plnto In ox\prn m tlic pro met. of the flaMn-frcc protein of the 
jcllott enjjmo TPN+, and gluco-e-O-phO'plinto dcindropomsc (From R Iviilm 
snd n Iliub 0 

protein than is oxidized FMN (cf p 303) The binding of t!io fliitin 
to the protein also causes i shift in the nb'^orption spectrum of FAIN 
(cf Fig 2) 

B> taking ath antago of the quenching of the fluorescence of FAIN t\hen 
It ito bound in the x cUow enzx me, TlicorcU nnd N\ gaard* \va% c determined 
tlie distoocintion const int in the reaction 

it 

FMN + protein Acllon onzyino 

it 

nnd hate found it to be Ic«s than 10 " M at pH 9 nnd 23® C, Lj (the 
r itc of a^-'Oti ition) is 1 4 X 10** l/“ i stc" nnd Lo (tlie rate of di^soci- 
ntion) IS k^s than 10”*’ «cc” * The di«'ocmtion constant (A’ — k^/ki) 
mix he contristtd with the xalue for A„, dctorniincd In holding the 
concentration of all components, including that of the flaxin-frcc protein, 

«n J Ion« nml \\ \I Clirk J Ihol Chcni 221, 9S3 {105G) 

*5 X 4 . time ArtaChevi Sennd 9. ICOO 

"H Thcorcll and A I’ ^>KTlrd, Uta Chem bcand 8 , 877,1019(195^1) 9, I5S7 
(19a5) 
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COOH COOH 

( I 

HC—NHs + Os -►C==NH + Hj03 


COOH COOH 

<!;=NH + H-O L=0 + NHs 

i i 

it IS unstable in ^ater and is rapidlj h>drolyzed to the corresponding 
keto acid 

\^''hen D^amino acid oxidase was treated Mith ammonium sulfate at 
pH 2 5, the conjugated fla\opr£>lcin uas separated into a fiavin-free 
protein and a protein-frce da\in** Howe\er, the flaMn \sas not FMK, 



but a compound m which 1 molecule of FMN i? linked to a molecule o 
adenosine-5'-phosph.ite (AMP) , this new fljA m nucleotide was nani 
flavin aclenmc dmucleotidc (abbrcN lated FAD) 

FAD has been obtained in highly purified form bj chromatograp 3 
and by paper electrophoresis *- Us structure has been defimtel} 
lished bj chemical sjnthesis in Todd's laboratorj FAD is 
b> the enzyme nucleotide pj rophosphatase (cf p 309) to Mcld ' 
component mononucleotides FMFT and AMP It is probably sjnthesjz 
in biological systems bv the reaction of FMN with ATP . cataljze } 
the enzyme FAD pyrophosphorjlusc (partially purified from jeasl 
F:MN 4- ATP;;:iFAD + pyrophosphate 
The fia\m-free protein of o-amino acid oxidase has been purified 

110 Warburg and W Chnstian, Btochew Z , 298, 150, 36S (1938) 

121, a Whrtbj. Bmdiem J , S4, 437 (1953), 0 Walaas and E KnUM n 
Chem Smnd, 10, 118 (19S6) 

13S JI H Chrttlie ot al , Y Ckem Soc, 1954, 46 

11 A (1 SchrecLer and A Komberg, J Biol Cksm , 182, 795 (1950) 
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for the reaction bj winch TPNH is comerted to TPN+, le, the sum- 
mation of reactions 2 and 3a or 3b It is therefore largelj a matter of 
definition whether the conjiigatwl flaioprotein as a wlioJe is designated 
as “the cnzjme” In tlie sequence of reactions under discussion, the 
definition depends on the nature of the chemical reaction to which 
reference is made, for this reison, it is desirable, whcnc^er possible, to 
specify preciscl} the nature of the bimolecular oxidation-reduction 
reaction in question 



Fig 3 Effect of increasing nmounts of riboflaMn-S -phosphate on the rate of the 
aerobic oxidation of gl«co3e-C*plio«i)l»ale (From H ThcorelP) 

The biological con^e^slon of riboflatm to flaxin phosphate appears to 
be effected bj an enzjme-cataljzcd reaction in which adenosine triphos- 
phate (ATP) sertes as the phosphor\lating agent 

Pibofiaun + ATP-> F.AIN + ADP 

A prep iration of the enzjiuc (named “flatokinasc”) which cataljzcs the 
phosphorjhtion reaction has been obtained from a east® 

Flavin Adenine Omucleotide (FAD) After the discoxcrj of the jellow 
ciizjmc, other flaeojirotcin*- were fouml,’*' one enzMne, also studied bj ) 
^^arburg and Christian, catahzc- the oxidation of n-amino acids bj 
oxjgen, and is therefore tcrineil n-ainmo acid oxidase The presence of 
this cnzwrio in anini il wn<! <li'-co\crcd hj Krtbs m 1033, and a 

purified preparation wn" obtaine<l bx Warburg from sheep kidnejs The 
reaction of D-ainino acid- and m the I^^e^cncc of the flaxoprotem ma> 
bo written n*? in the equations shown on p 330 The product of the 
enrxme-cntalxzcd dchxdrogenation has liecn assumed to bo the imino 
acid, but it nia> be the tautomeric a /?-uns Unrated ammo acid bound 
to the tnzxinc Wlntexcr the structure of the intermediate max be, 

‘•I ll Koamc\ and ** I nclmi I Jhal Chrm 193,821 (1031) 
i"!! TJirorrll m J II ‘-umnrr and K Mjrhlrk The fmi/mci, Chapter 55, 
^cailcmic I’rra.< New \orl,, ID51 
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elucidated In general, the protein portion of a catalytic flavoprotem 13 
relatively specific for cither "FMK or 'FAB, altfiongli instances are knoisa 
(e g , TPKH-cytochromc c reductase of smne liver) in nhich the isolated 
fiai oprotein contains one of these nucleotides, but, after remo\ al of the 
prosthetic group, the flaiin-free protein forms an active flavoprotem i\ith 
either nucleotide 

Among the flavoprotoins listed in Table 1 is glycolic acid ONidase,^ 
winch may pla> an important role in the respiration of higher plants 
It catalyzes the oxidation of glycolate to glyoxylatc (cf p 318 ) with 


Table 1 Some Catalytic FUvoprotems 


Name and Source 


Prosthetic Groups 
Fla\ m Other 


Old jellow enzjTYie (jeast) 
n-Amino acid oxidase (sheep kidney) 

New yellow enzime (jeast) 
vAmmo acid oxidase (rat kidney) 

L-Ammo acid oxidase (snake \enom) 
Glycme oxidase (sw me kidney) 

D-Aspartic acid oxidase (rabbit kidney) 

Gly colic acid oxidase (spinach) 

Glucose oxidase (Penicifluim notatum) 
Xanthine oxidise (milk) 

Aldehide oxidase (swine liver) 

TPNH-nitnte reductase (A^euro^ora cras’so) 
Hydrogenasc (Cloiindium pasleunanwm) 
TPNH-cytocbrome c reductase (yeast) 
Diaphorase (swine heart) 

DPNH«cj tochrome c reductase (heart) 
Succinic dehydrogenase (beef heart) 
Acyl-CoA dehydrogenases (beef li\er) 
"Green enzyme” 

"Yellow enzyme” 


FMN 

FAD 

FAD 

FMN 

FAD 

FAD 

FAD 

FMN 

FAD 

FAD 

FAD 

FAD 

FAD 

FMN 

FAD 

? 

? 


Molybdemun, 

iron 

Molybdenum, 

heme? 

Molybdenum 

Molybdenum 


Iron 

Iron 


FAD Copper 

FAD Iron^* 


the production of H202» which oxidizes glyoxylate further to formate, 
CO2, and HaO This enzyme provides a counterpart to glyoxyh® 
reductase whose action appears to be limited to the reduction of 
glyoxylato by DPNH Glycolic acid oxidase also has been identified 
in mammalian liver 

It will have been noted that in the direct oxidation of a reduced flavin 
by O2 one of the products is HgO™ This property of flaxins assume 

laB L Horecker. J Bol Ckem, 183, 593 (1950) 

3® I Zchtch and S Ochoa, J Biol Ckptn, 201, 707 (1953) 

E Kun et al , J Biol Chem , 210, 269 (1954) 
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apprcciablj , and measurements of Jv„(FAD) for this enzyme preparation 
at pll 83 and 38® C have guen \aluesnear I 4 X 10“"^ (cf Stadie and 
Zapp’®) In the oxidation of o-amino acids, the F\D of D-amino acid 
oxidase functions as an electron earner from the ammo acid to O^j m a 
manner analogous to tlic role of the FMN of the joIIots enzyme in the 
tranbfer of electrons from TPKH to Oj It must be emphasized that 
the specific capacity to cataljzc the bimolceular reaction between FAD 
and a n-amino acid resides in the specific protein to which the FAD is 
attached This spcoificitj is t\trcmcl> sharp with regard to the config- 
uration of the ammo acid, i-ammo acids arc not attacked Among the 
inhibitors of n-amino acid oxidase is the antimalarial drug atebnn 
(quinaormcl which maj, act bN competing with FAD for the protein*® 
In contrast to the jellow cnzjmo from jea-'t, n-amino acid oxidase is 
fluorescent as is free FVD, tins has been interpreted to indicate that in 
n-aniino acid oxidase the position of the isoalloxnzme ring (cf p 330) 
IS not bound to the protein In the jellow cnzjme, tins position jx prob- 
abh miohcd in the linkage of FM!X to the protein 
Several other flaioprotems that cataljzc the oxidation of ammo acids 
also haie been dcsfribcd These include an L-ammo acid oxidase from 
rnt kidnc) (contains FMN as the prosthetic group) and a gl>cint oxidnsc 
t contains FAD) The \arious ammo acid oxidases will be discussed 
further in Chapter 31 in conmction with their possible roles in the 
intermediate met ibohsm of ammo acids 
After the identification of FAD as the prosthetic group of n-amino acid 
oxidate, Haas*’* found in ^cast a FAD-flaxoprotem that cataljzes the 
oxidation of TPNH bj molecular oxjgcn Tins newer flaxoprotem was 
named the ‘‘new >cllow enzxmc” to di’itingmsh it from the FMN-con- 
lammg “old xcilow cnzjmc" of jea^t \lso, Warburg and Chri‘-tmn 
showed that the protein portion of the old >cllow enzxmo could be 
combined with FAD to form an artificial flaxoprotcin that catahzcs the 
oxidation of TPNH b> O 2 

Other Catalytic Flovoprotems In addition to tho'«c alrcadj men- 
tioncil, innnx other catalxtic flaxoprotcins haxc been identified in 
l)ioloKKal ‘‘xstem' and a ^elected Ift is gixcn in Tabic 1 FMX and 
I AD an the onK naturallx occurring flaxm nucleotuk'' of known struc- 
ture identified a*? component*' of fl.uoprotcin'5, the pn^sibihtj exists, 
lu)W(xer that other flaxin« max «(r\c a*? prosthetic group** Some flaxo- 
protcm« haxc been rcportcil to contain flaxm*- other than I MX or FAD, 
but the niturc of the pro-t!ictic groups in thc'-o cnz>mcs has not been 

C ‘'itfltr an<l J \ 7ipp J liwt CAfm,150 l&j (1013) 

‘"I III llrrmiin n nl J Uiol Chnn 163, 5S3 (lOIC) 

‘'O XX-vluv* Mill I- Iffn Chem Scand^ 10, 122 (I0c»<I) 

’'r Htv HuKhrm / 290, arstms) 
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that molybdenum operates m this sequence as the Mo®+-Mo®+ oxidation- 
reduction system^® The enzyme hydrogenase oi some bacteria aho 
appears to be a moljbdoflavopiotein 

The Role of Flavoproteins in Respiration Interest in the cataljtic 
flavoprotoins stems from the possibility that certain of them may be 
important links m the transfer of electrons from metabolites and pjridme 
nucleotides to the ultimate electron acceptor in biological oxidations, 
molecular oxygen In particular, the recognized role of the pjndine 
nucleotides makes it essential to know how rapidly DPNH or TPNH 
can interact uith the FMN or FAD of suitable flavoproteins and hon 
fast tlie reduced flavins of the conjugated proteins can react with Oo 
Obviously, the over-all rate of cellular respiration is determined by the 
slowest reaction If the observed rate of respiration of a given cell is 
more rapid than either the reduction of the flavin of a component flavo- 
protem by reduced pyridine nucleotides or the oxidation of the reduced 
flavin by oxygen, then it is unlikely that the fiavoprotein in question is 
an important electron carrier in the direct transfer of electrons from 
DPNH or TPNH to O 2 The discussion that follows illustrates an 
experimental approach to this important problem 

If one defines the bimolecular velocity constant for the reduction of a 
flavin by reduced pyridine nucleotide as kr, and the velocity constant for 
the oxidation of a reduced flavin by Oj as ko, the data of TVarburg and 
Christian show that, for the old jellow enzyme, at pH 7 4 and 25® C, 
kr^QX 106 niin'i and k^-lX lO^ min'i The corre- 
sponding values for the new jellow enzyme are 2 2 x and 1 4 X 10^ 
respectively For the experimental procedure and mode of calculation 
employed in obtaining these data, sec Warburg and Christian In the 
transfer of electrons to Os, the nev\ yellow enzjme is therefore only onc- 
seventh as effective as the old yellow enzyme (1 X 10® — 1 4 X 10* = 7) 
Theorell has shown that, in a system containing glucose-6-phosphate, 
glucose-6-phosphate dehydrogenase, TPN+, and the protein portion of 
the old yellow enzjrae, 1 /xg of FMN (2 2 X 10"*' millimole) causes an 
uptake of 2 7 emm of O 2 (1 2 X 10“ * nullimok) per minute The turn- 
over number of the old >ellow enzjme is therefore about 55, and that of 
the new yellow enzyme must be one-seventh of this, namely 8 If 
methylene blue is added, the rate of oxygen uptake is greatl> increv'ed, 
since the reaction of reduced flavin with methylene blue is extremely 
rapid, and the reduced methylene blue is oxidized veiy rapidly bj 
molecular oxygen 

The values of 55 and 8 for the turnover numbers of the two jcllow 
enzymes are extremely low, and the question arises whether electron 

30 1 > J D Nicholas and H M Stevens, Nature, 176, 1066 (1955) 
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some interest ^hcn it ^as disco\ered that Penicilhum notatum contained 
a ■vello\^ protein (notatin) ^\hich, in the presence of D-glucose, appeared 
to be an antibacterial agent The subsequent identification of notatin 
and glucose oxidase explained the mode of antibacterial action, since the 
oxidation of glucose by Oj in the presence of notatin results in the forma- 
tion of bactericidal amounts of HjOj Glucose oxidase is a relate elj 
specific cataljst for the oxidation of j8-D-glueop>ranosc (cf p 310) to 
5-D-gluconolactone,'-“^ which readilj undergoes hydroljsis to gluconic 
acid Other flaxoprotems (eg, xanthine oxidase) that cataljze the 
formation of HoOo haxc also been shown to act as antibacterial agents 
The catalytic flax oprotoins listed in Table 1 include sexeral that 
contain, in addition to FAD, a metal ion such as moljbdenum (Mo) 
One of these is xanthine oxidate, a cataUst for the oxidation of hjpo- 
xanthine to xanthine and uric acid (Chapter 33), this cnzjme (from 
milk) xxas studied by Ball-^ and has been obtained in crjstallino form-^ 
The recognition of Mo as a constituent of xanthine oxidase stems from 
studies on a dietary factor that is required for normal lex els of this 
cnzjme in the In or of xoung rats^ Subsequent studies showed that 
the xanthine oxidases from milk and Iixer are metalloflaxoproteins 
Although tlie cnzxmc from imlk is named xantlnne oxidase, highlj puri- 
fied prcpantions also cataljzc the oxidation of aldclndcs (eg, acetal- 
dohxdc) and of DPNH Tlic corresponding cnzjme preparation from 
lixcr oxidizes lijpoxanthme, aldchjdcs, and DPNH, it is similar in many 
respects to Incr aldehjdc oxidase-* The crjstallino xantlnne oxidase 
from milk contains iron in addition to FAD and Mo, m the approximate 
molar ratio 4 107 rcspoctix clj' The manner in whicli those three 
components max cooperate to cataljzc the oxidation of the substrates bj 
Oo has not been elucidated as jet 

Another catalxtic mctalloflixoprotcin thown to contain moljbdcnum 
IS TPNII-nitratc rcdiicta«c,^ which appears to cxtaljzo electron transfer 
m the sequence TPNH— » FAD (or FMNl — * Mo-> XOi“ and leads to 
the reduction of nitrate to nitnte (Chapter 28) It ha*! been suggested 

-- II IlcntIo\ nnd \ NculiorRcr Ifiochcm J tS, Wl (1919) 

SID Knlm ami I I Unrlrcp Uiochcm J 42, 221 (I91S), 50, 331 (1951) 

2‘I a IDII J Ihul Chetn 120, 51 (1939) 

SM* G Am-* ct nl J Chem W, 1955. 1100 1956, 1212 1219 
=''D \ Uiclicrt nnd \X ^\ Welrrfcld J lUol Chetn 203, 915 (1953), E C 
Do Uonzo it nl, y Du Chetn Stic, 75, 7o3 (19o3) Afiinnccs in Fnzyttiol 17, 
293 (19oC) 

Mirklor rt nl J lltol Chem 210 119 (1951), 11 K Iviclloj ibid, 216, 
•I0j(19>5) C N lliiinrtnl ibid 217,293(19^) 

5MI II Milil.rilnl J Uml C/irm , 210, 405 (19>1) , J Ilumitz ibid, 212, 
757 (1955) 1 Porpiiunn md ^ Dik^trm thul 223, 705 (19yj) 

^1) J D NirIiolx«i nnd A \a-on J Ilinl Chem, 207, 353, 211, 1S3 (I9>1) 
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from yeast This flavoprotem, now termed TPNH-cytochrome c 
reductase, is more sensitive to denaturation than the old yellow enzyme, 
and hence had escaped detection in the earlier work of Warburg and 
others In contrast to the old and new yellow enzymes, yeast cytochrome 
c reductase reacts rapidly with cytochrome c The velocity constant for 
the oxidation, by CyFe^^, of the FMNH 2 m cytochrome c reductase 
= 53 X 10® min-i) is 180,000 times that of the old yelloi\ 
enzyme For the direct interaution of the reduced form of the cjtochromc 
c reductase with oxygen, k„~ S y. 10®, a value about one-tenth that for 
the autoxidation of the old yellow enzyme With TPNH as the electron 
donor, /i-r = 85 X 10'^, the rate of the reduction of the cytochrome c 
reductase is about 14 times faster than that of the old yellow enzyme 
However, wuth DPNH as the electron donor, the reduction of the FMN 
of the cytochrome e reductase is extremely slow The efficiency of this 
flavoprotem in catalyzing the electron transfer from TPNH to cyto- 
chrome c may be seen from its turnover number of 1300, this value is 
based on the assumption that the flavoprotem has a molecular w'eight 
of 78,000 A cytochrome c reductase with a similar specificity for TPNH 
was later isolated from hver,*® but the prosthetic group was found to 
contain FAD m place of FMN 


H+ + TPNH 


2CyFe^'^+ 2n* 


2CyFe'’- 


The determination of the f?,B(FMN) for the yeast TPNH-cytochrorae 0 
reductase gave a value of approximately 1 X 10^® M, which is lower 
than that found for the old yellow enzyme (cf p 334) Although no data 
are available for the dissociation constant of TPNH-cytochrome c reduc- 
tase, it has been suggested that in this enzyme the flavin is bound to the 
protein even more tightlj than in the old yellow enzyme It would 
appear that, m the reduction of the FMN portion, TPNH is attached to 
the flavoprotem, and it has been surmised (but not yet demonstrated 
experimentally) that direct hydrogen transfer to FMN takes place 
Although the intimate mechanism whereby TPNH-c>tochrome c re- 
ductase acts has not been elucidated, the catalytic role of this enzyme 
may be described by means of a scheme in which the protein portion 
of the flavoprotem is considered a specific catalyst for two bimolecular 
oxidation-reduction reactions, and the TPN, FMN, and cytochrome c 
systems arc the reactants 

The two cjtochrome c reductases isolated bj Haas et al®^ and by 

31 E Haasetal J Bwl Cftem , 143, 341 (1942) 
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earners of such Ion effectu eness can be the sole link betneen DPNH or 
TPNH and O 2 m biological oxidations This question nas examined bj 
Warburg nith sc^e^al bacteria, such as Lactobacillus delbruckii, nhich 
norm ill} gron under anaerobic conditions and apparcntl} do not contain 
measurable amounts of heme pigments In the presence of ox}gen, a slon 
respiration is obsen ed, and HoOo is formed On the basis of the spectro- 
scopic examination of the bacteria, it was estimated that a cell suspension 
characterized b} an O 2 uptake of 1 emm per ml per mm contained 
G X 10“'* millimole of a flaain (nature unknown) per milliliter This 
would correspond to a turnover number of 30, and it ma} well be that, 
under exceptional metabolic circumstances, fla\oproteins such as the 
a east }ellow cnzMiics inaa scr\c in tito as direct electron carriers to 
molecular owgen Howc\cr, it is well known that }cast respires much 
more rapidlj than could be accounted for snnpl} on the basis of a direct 
transfer of electrons from the reduced fla\ins of the old and new jellow 
en 2 }mcs to molecular ox\gcn 

Electron Transfer from Pyridine Nucleotides to Cytochrome c The 
ro&piration of }cast, and of all other normall} aerobic cells, is cxtrcmcl} 
scnsltl^c to the addition of cNanidc, 0 45 X lO'^ M caanido is sufficient 
to decrease tlic rate of respiration of baker’s jeast to 50 per cent of its 
normal aaluo It will be recalled that the heme proteins readil} combine 
with cannide (cf p 178) ^\a^bu^g showed that most of the c}anidc 
inhibition of oxjgcn uptake b\ cells is due to interference with the 
normal operation of tlie iron-porph} nn proteins concerned with electron 
transfer to oxagen In parallel 'tiidic'', Keilin demonstrated that c}anide 
inhibits the cnz}mic oxidation ba molecular oxagen of reduced cato- 
chromcs, the l>c«t known of which is catochromo c (p 350) Much 
attention has been deaoted to the elucidation of the cnz}mic mechanisms 
of electron transfer from met iholitcs to catocliroinc c, since the initial 
oxidation of min} metabolite* inaolac® hadrogen transfer to DPX'*' or 
TPX+, cfTorts were inidc to find enzame sastoins that cfTcct rapid elec- 
tron transfer fioin DPNII and TP>*H to oxidized catochrome c It js 
now known tint catalatic fliaoprolcms participate in this process, and 
accelentc the reaction 
DPNH (or TPMD + 2 C\rc'‘+;=; 

DPN^ (or TPN+) + 2C\Tc~+ + 11 + 

wlierc Cale'^-*- uul Cale-+ denote the oxidized and reduced forms of 
c\ tochroinc c rc^pcctu ol\ Flaa m-eontaining tnza me prej) irations from 
a anrieta of biological ‘•ourcc-* liaae been found (0 function a* citalasts 
in till*, rciction lltc-c enzaim prepantioiis hiae been termed DPMI 
(or TPNII)-ra tochroinc c rediict i-e- 
One of tlic fir-t fl i\ oproti m* of thi** group to he di-co\ cred w a* I'olatcd 
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next chapter, additional electron carrier systems appear to be interposed 
between the pyridine nucleotides and cytochrome c systems '^It must 
also be borne in mind that the sequence of electron transport described 
above for yeast, liver, and heart muscle preparations does not necessarily 
apply to all cells and tissues, and that alternative pathways may exist 
in nature It would be premature to conclude, therefore, that the pyri- 
dine nucleotide-cytochrome c reducta&es isolated thus far are the only 
types of enzymic catalysts for electron transfer between the pyndine 
nucleotides and the cy tochromes 

Other Metalloflavoprotems In the early studies (Battelh and Stern, 
Thunberg) on the dehydrogenation of metabolites by tissue preparations, 
it was recognized that succinate is rapidly converted to fumarate (cf 
p 286) by suspensions of minced muscle, the enzyme responsible for this 
effect was termed succinic dehydrogenase Because of the difficulties 
encountered in demonstrating succinic dehydrogenase activity m aqueous 
extracts of animal tissues, for many years the literature on this subject 
was unclear and often contradictory More recent work has led to the 
isolation of enzyme preparations (from a defatted mitochondrial fraction 
of beef heart and from ytast) that contain flavin and nonheme iron m a 
1 4 ratio These preparations catalyze electron transfer from succinate 
to the oxidation-reduction induator phenazme methosullate, but not to 
several other dyes (e g , methylene blue) or to cytochrome c As will be 
seen on p 355, the reduction of cytochrome c by succinate, in the presence 
of heart muscle preparations, involves the coupled action of several 
electron earner systems Since the purified succinic dehydrogenase 
preparation catalyzes not only the dehydrogenation of succinate, but also 
the reduction of fumarate by the reduced form of a dy^e, there no need 
to assume the presence of a separate “fumaric hydrogenase" m animal 
tissues, such an enzyme was first reported to be pre^^ent m yeast 
Although FAD was found to be the flavin component of the yeast enzyme 
preparation, the nature of the flavin m heart muscle succinic dehydro- 
genase has not been established as yet 

Among the first enzymes to be identified as metalloflavoproteins are 
two important participants m the metabolism of fatty acids These two 
enzymes catalyze the dehydrogenation of CoA thiol esters of fatty acids^® 
to form the corresponding a,j3-unsatiirated acyl-CoA derivatives in the 
following reaction 

RCH 2 CH 2 CO-C 0 A + FAD^=^iRGH=CHGO-CoA + FADH 2 

31 T P Singer et al , ^rc/i Biochem onrf Bwphtfs , 62, 497 (1956), J Biol Chem, 
223, 599 (1956) Adtances m Fmymol, 18, 65 (1957) 

38p G Fischer et 'll , C/iem ,552,2(3 (1942) 

39 D E Green et al , J Biol Chem , 206 , 1 (1954) , F L Crane et al , tbid , 218, 
701 (1956) 
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Horecker^” from yeast and from li\er appear to be specific for the TPN 
system Ho^\e^er, it has long been known that preparations of some 
animal tissues (e g , heart muscle) do not oxidize TPNH rapidly, but 
effect the rapid oxidation of DPNH Furthermore, for the oxidation of 
DPNH b> Oo in the presence of swine heart preparations, cjtochrome c 
IS required’’- Although a flaxoprotcin (diaphorase, cf Table 1) had 
been isolated from heart muscle,®® and shown to oxidize DPNH rapidlj, 
the reduced flaaoprotem did not react effccti\cl> with oxidized cjto* 
chrome c Thus diaphora‘^e itself did not meet the requirements of a 
DPNH-cjtochrome c reductase However, when DPNH was oxidized 
by the FAD of diaphorase, and the reduced FAD reoxidizcd bj mcthjl- 
cne blue in the presence of O 2 , a \erj rapid aerobic oxidation of DPNH 
was observed (maximum turnover number of about 8500) 

An important advance in the elucidation of the cnzjmic mechanism of 
electron transfer from DPNH to cytochrome c was made b\ the isolation 
of a soluble DPNH'Cjtochromc c reductase from heart muscle,®^ and the 
recognition that it is a metallofiavoprotcm containing iron, a flavin/iron 
ratio of 1 4 has been reported After treatment with acid, or witli 
agents that bind iron tightl> (eg, citrate), the abihtj of the cnzjinc 
to react with cjtochromc c was almost complctclj lo«t, whereas the rate 
of electron transfer from DPNH to d>c8 (“diaphora'sc activitj”) was 
unaffected This finding led to the conclusion that the role of the iron 
m the intact DPNH*cvtochromc c reductase is to facilitate electron 
transfer from the reduced flavin to c>tochromc c®’ It appears unlikclj 
that free ferrous ions transfli electrons to oxidized cytochrome c, '*incc 
the potential of the Fe2+-rc^+ <-ystem is much more po«itive than that 
of the cjtochromc c system (cf p 299) Tiie po'^^ihilitj exists that 
complexes of iron with anions arc cfTcctivc m the enzymic electron tran"- 
ftr, «uch complexes gcncrallv have potentials more negative than the 
re2 + -re®+ s\«tem Another poss-ibihly is that the metal ion in DPNH- 
cjtochrome c reductase serves to effect a tighter binding of the flavin 
to the catalvtic protein 

Much further work i*? needed to clinfv the biologic il role of the 
mctalloflavoprotcins, c-pcciallv m relation to the function of the metal 
ion«®” Nevertheless, it is clear that inclabohc pathwav* arc available 
for the tran-fer of electrons from TPNH or DPNII to cvtochromc c via 
flavins a** electron carrier^ As will bo ‘■i<n from the discu«-ion in the 
I I I ocklnrt ftn<l J II PoUtr J liinl CArrti 137, I (1911) 

""I n Straiib /iinrhrm J, 33 TS7 (1930) II S Cornn rl nl ihii/ 33, 793 
U939) \ tbi<l 67, 140 (19>7) 

®‘1I I/lfllioch rt al J /iiol CfiCM 197, 97 (19".3) H U Mihlor rt nl 
199, (19o2) p jIo llrminl /)i»»r/nin rl n>nphj/f Acla 23, 510 (!9j7) 

s-1! Il Mahler nn<l D G I lowr J lUnl C/»fm,210, 105 (IDo^l) 

'•'ll 11 Mahhr /Ir/i onren in f nijrmof 17, 233 <19jC) 



346 GENERAL BIOCHEMISTRY 

tion (from Achromobacter fischeni) cataljzes a light-emitting reaction 
in the presence of FMNHg, Oo, and a long-cham fatty aldehyde (eg, 
dodecyl aldehyde, palmitaldehyde) ■** Apparently, luminescence in\olves 
an enzyme-catalyzed electron transfer from FAINHo to Oo , the role of 
the aldehjde is not yet clear, but the compound is consumed during the 
hght-emitting process, possibly through oxidation by the HoOo produced 
in the aerobic oxidation of FMNHo 

The chemical nature of firefly luciferin is unknown, its structure may 
be related to that of the flavins Firefly luciferase has been obtained 
m crystalline form^^ For the maximum luminescent activity of this 
enzyme, ATP and Mg2+ must be present, and it is probable that the 
reduced fireflj luciferin reacts with ATP to form an “AMP-luciferin” 
which becomes chemiluminescent on oxidation by oxygen 

43 'W D McElroj and A A Green, Arcfi Btochem and Biopkys , 56, 24:0 (1955), 
J R Totter and M J Cormier, J Btol Chem , 216, 801 (1955) , M J Cormier 
et al Arch Biockeni and Biophys, 63, 414 (1956) 

44 A. A Green and W D McElroy, Biochtm et Biophys Acta, 20, 170 (1956) 

45 \V D McElroy and A A Green, Arch Btochem and Biophys , 64, 257 (19i)6) 
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Both enzjme preparations ha\e been isolated from beef luer mito- 
cliondrn and found to contain FAD, thcj differ m color, lioue^er, one 
of them being green, tlie other \elIow The green enzjme contains copper 
in a ratio of Cu-+ to FAD of 2 1 The enzMiiic mechanism for the 
oxidation of the FADHo of these mctalloflaxoprotcins by cjtochrome c 
is unclear, it has been reported that an additional fla\ oprotein, termed 
the “electron-transferring flaxoprotein,” is m\oKed^® The role of the 
acj 1-CoA dchj drogenases faFo termed acj 1 deln drogenases) in the meta- 
bolic breakdown and sjnthcMs of f.attj acids will be considered later 
(Chapter 25) 

From the discussion m this chapter it would appear, therefore, that 
at least tlirce tjpes of catalytic flaxoprotems maj be distinguished The 
first group, which includes the old xcllow enzxnic, n-araino acid oxidate, 
and glucose oxidate, mediates rapid electron transfer between a meta- 
bolite and molecular oxjgen without the apparent participation of inj 
other electron earner The second group of flaxopcotcins catalyzes 
electron transfer between DPNH or TPNH and cjtochromc c (the 
pjridmc nucleotidc-cjtocliroinc c reductases) or another one-electron 
acceptor fc g , TPNH-niti ite leductase) , such cnz\mc.s appear to require 
the presence of a niotal ion for electron transfer to tlicse oxidants, 
although the role of the metal has not been clarified completolj Tlie 
third group catalyzes the oxidation of metabolites bx xanous electron 
acceptors (eg, xanthine oxidise, succinic dchxdrogonase, acxI-CoA 
dchxdrogcnasc), with tlic participation of metal ions in a manner whoac 
dot Ills remain to he elucidated 

Role of Flavin in Biolominescence Minx organis^ms arc known 
to emit light, unong tho'C 'studied mo^t intensixclx from tins point of 
MOW arc the fireflj {Photmut />yrah’ti, the cnistaccin f ypndina hilgen- 
(lorfii, and the marine bictcrmm lr/iromo6«cfcr ftschcni Cell-free 
extracts of tlicH three luminous organism*' exhibit luminescence under 
suitable conditions Although the chemical exent*' in bioluminc'ccncc arc 
not undcr'-tood fulix , in gencril it appear** that the biochemical procc-'S 
inxoixcs tlie iction of an inzxmc (Iiicifcrase) on i pigment (lucifcrin) to 
form 111 intermediate winch in the prt'-ence of Oj forms i chemi- 
hnmne*'etnt -ub-tanci \n exiniplc of nonbiologic il chcnnlunnncscencc 
IS tint of 3-annnophtli ilhxdrandc in the prc'cncc of HoO^ 

Of -pcci d inte re *-t for the pre ''tut discusvion i** the finding that h ictcrial 
hicifinn ippeir^tobe I MNH_ A p irti dix purified luciferasc prepar i- 

^*’1 I Cnii'' ninl H Hiinfit J //»»/ thitn 2in 717 

** I N H irM \ Itiiiliimini ntie* I’n— « \i w \ ork IOC D Mr- 

nn» nu<\ l\ I sinl.Iir H-icl Ian IB, 177 eia.l), \\ ]) Mrl Iro), 

Uclur,< 31 . 210 ( 10 ^ 7 ) 

H I) 1\ Driw 7 rauf I- arndni/ SoC 3S,207(Pi39) 
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{Torula xitihs) is inlnbited bj carbon monoxide and that the extent 0 / 
the inhibition depends on the ratio of CO to Oj m the medium It ^il) 
be recalled (cf p 176) that carbon monoxide readilj combines AMtJi 
ferrohemt dcruati\es such as hemoglobin 
In the studj of the Atmungsfermertt, Warburg took «ad\antagc of the 
important disco\er}, made by Haldane and Smith in 1896, that carbon 



rig T Rchtue photochemical absorption sj^cctrum of the CO-compound m baker^ 
3 east (from Castor and Chance®) The ordinate gnes the ratio of the specific 
absorbance at anj wave length to the specific ab<5orbancc at 550 m/< The Sorct 
band (7) has been depressed bj a factor of 10 


monoxido-liemoglobin could be dissociated b> visible light He slimved 
that the inhibition of jeast respiration by CO also v>ah counteracted b> 
light, and proceeded to measure the rclatn e effecti^ eness of \ arious v.a\e 
lengths of Jiglit on tlie presumed dissociation of the CO-heme compound 
in -veast Since the photochemical efficicncj of a gnen ira^c Jengtli is 
proportional to the extent to vtliich it is> absorbed, the cune obtained b\ 
plotting naxe length against relati\e photochemical efficicncj should 
represent the absorption spectium of the CO-compound dissociated bj 
light In the Msiblc region of tJic spectrum there ^as found a large 
absorption band at 435 m/t, which corresponds to the Soret band (cf 
p 168) of heme compounds, this supports the view that the "respirator) 
cnzjme" is a heme protein Three other bands were found in the -visible 
region, wuth maxima at 600 m/t (a-band), 550 ra/t (jff-band), and 525 m/* 



u 
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In tlie preMous tv,o chapters, consideration ^as guen to the enz\mos 
tint cataljze electron transfer reactions inxoHcd in the dehjdrogenation 
of metabolites (e g , lactic acid, gUccraldehjdc-S-phosphate, ammo acids, 
h>poxanthmc) and of reduced pjndine miclcotidcs Since, in aerobic 
biological sj st( ms, the ultimate electron icccptor in respiration is molecu- 
lar oxjgen, one ma\ turn next to the cnzMncs that cataljze the transfer 
of electrons to oxjgcn \s noted m the discussion of the fiaxoproteins, 
the reduced flaxins react \Mth oxxgcn, but at a rate msuflicient to account 
for the respiration of aerobic cells The ccntril position in the direct 
reaction ^ith molecular oxjgcn mu'^t rather be asMgncd to metal- 
containing proteins which transfer electrons from earners such as reduced 
cxtochromc c to Oo These oxidates arc related m manx respects to 
enzxmes that cataljzc oxid Uion-rcduction reactions imoKing Indrogen 
peroxide {the peroxidases and catalo'-cs) 

Cytochrome Oxidase Of the known mctal-contaming oxida'^c's, those 
with iron-porplix rins a** prosthetic groups hi\e been studied most 
extcnsuch The dccisixc role of iron compounds in the utilization of O 2 
b\ aerobic cells was suggc^tcd bx carlj work on the cfTcct of examde on 
respiration For example, the concentration of cxanule sufficient to 
decrease the rc^jiiration of the sea urchin egg b\ 50 per cent is 0 5 X 10“ 

V Similar low conccntrition* of cxanidc arc efTcctixe in causing the 
“half-inliibition” of the rc^pintion of crxthrocxtc-, xeast, 'omc lactic 
acid bictcna, etc From 'ueb «lata Warburg concluded that examde, 
winch was known to block minx aiitoxulation reactions cataKzcd l)x iron 
compound" (eg, the oxidition of cxstcinc to cxstinc), abo blocked the 
action of an iron-containing cnzvinc xxhicli cataKzcd the direct electron 
transfer to molccul ir oxxgcn He loniud this cnzxmc Mmunq-ijcrmcnl 
(‘'rtspir itorx cnzxmc ) and proxiilcil exulcncc for the xicw that it was 
a heme protein In 1920 he "howwl that the oxxgin uptake of i xcast 
347 
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Keilm later found that heart muscle preparations contain a c>tochrome 
uith an absorption spectrum (a-band, 600 y-band, 448 ra^) similar 
to that of cytochrome a, but \\hich differs from cjtochrome a m bemg 
sensitne to CO This pigment was denoted cytochrome and appears 


to be identical with the cytochrome oxidase of heart muscle, the evidence 
will be discussed on p 354 In Fig 2 is shown the multibanded spectrum 

Cy by (83 + 3)7 (c + b>/j Ca ba (a3 + a)a 
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rjg a C>tochrorn8 ajstem of heart muscle preparations The top series of baadi 
shows the multibanded spectrum of such preparations, the lower bands mdtcale their 
assignment to the individual cytochromes IFrom D Keihn and E F Hartree, 
Ptoc Roy 8oc, 127B, 167 (1930)3 

of the c>tochromes of heart muscle preparations, together with the 
assignment of the bands to the individual pigments The absorption 
bands indicated m Fig 2 refer to the ferrous forms of the cytochrome»i 
on oxidation, the a- and ^-bands become faint, and onl> weak absorption 
IS seen m the region 500 to 600 m/i 
Cytochrome c ® Of the three cjtochromes originally identified in heart 
muscle preparations, the one about which the most is known is cjto- 
chrome c, it is readily extractable from tissues and is quite stable 
Crystalline preparations of cjtochrome e haac been obtained from king 
penguin muscle, from fish muscle, from beef heart, from swine heart, and 
from baker’s jeast’ Howexer, there has been some uncertainty about 
the honiogencit3 of purified preparations of this conjugated protein 
Preparations having 0 34 per cent Fe were long considered to be pure, 
later work gave material of 043 per cent Fo, and the more recent use 
of lon-exchange resins has yielded cjlochrome c preparations having 

SH ThcoreH, 4dtances in 265 <l<)47) K-G PnuJ in J B Sumner 

and K Myrback, The Enzymes^ Chapter 56A Academic Press, New "Vork 195 
1 G Bodo Nature, 176, 829 (1955), B Hagihara et al, ibid, 178» 629, 640 w 
(1956), 179,249 (1957) 
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f^'-band) For an account of the methods used in this research see 
Warburg ^ 

Since the ^\ork of Warburg, an impro\ cd method for the determination 
of the pliotochemical action spectrum of CO-inhibited respiration has 
been de\ eloped bj Chance,-* m Fig 1 is shown the spectrum of the 
photosensituc CO-compound m baker’s \east, witli maxima at about 430, 
550, and 590 m/i For heart muscle preparations and mouse ascites tumor 
cells, a peak at 430 ni;* w.as also found Howc^c^, with some bacteria 
(e g , Acetobacter suboxydansi, the action spectrum has maxima at 417, 
535, and 568 m/i, suggesting that in such organisms the CO*sen6itn e 
iron-porphj nn respiratorx pigment is different from the t}pe found m 
jeast and animal tissues 

The decisne ad\ance in the elucidation of the respiratory function 
of the CO-sensitne heme pigments was made in 1925 bv Keilin,^ who 
^cdl&co^cred the cellular pigments he termed cytochromes Thev liad 
been first described in 1882-1886 by MacMunn, and were originally 
named histohematins (or niyohcmatins) , in a book* published posthu- 
mously MacMunn wrote 

A good deal of d^cu'sion his taken place over thi' pigment, and tho name of 
Iloppe-Scjltr has prevented the acceptance of the writer’s views Tho chemical 
position IS undoubtcdlv weak, but doul>tle=« m time this pigment will find its way 
into the text books 


The Cytochromes 

Keilin showed that, under suit iblc conditions, suspensions of manx 
animal tissues (e g , inu'clo, brain) and of microorganisms cxliibit a 
cliaractcri'tic nmltib mded ••ptitruin mil dcmon'tritcd tliat the absorp- 
tion bands could be as'-igmd to at least three different heme proteins, 
which he named cxtochroine*' a b and c respectively In heart muscle 
prcjiarition", thc'-c firrohcmc compound^ exliibitcd the following absorp- 
tion ninxinia 

Cvtochroinc a o-band, 005 m^, ^-band, (?), y-band, 452 
Cvtoclirome b a-b ind >64 nv, /?-l»and, 530 mu, /-band, 432 ni/t 
Cxtochroine c n-band, 5 'jO ni/i, /3-h ind, 521 ni/i, /-band, 415 ni/x 

*0 XXnrhiiiK Ihiny Mi lol Pro'>lltf (ic Gmup'^ Oxford I nncr'itj I*rr«i london 
1910 

= H Ciiin(< J ISwt itum 202, TS3 397 107 (19*3) 

*I N Ci-torimd It tlunrt J Uml Chem 217, 153 (1955) 

^0 Kuhn t'roc linv '•or 9011,312 (1925), I) Ivrilm anil I C ^litcr, lint 
Mr<l ItuU^*), xa (1953) 

\ MirMiinn Spictmm Analp u {pplutl ItmUigy nn<{ Midtnnr, I onR- 
iinni, (,rfrn md Co , I ondon 1911 
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accompanying forimila Convincing ovicience for this mode of linkage, 
originally proposed by Thcorcll, came from the work of Paul,*® ^ho 
found that the treatment of cytochrome c with silver salts, knoun to 
cleave thioether linkages under mild conditions, liberated an optically 



CH 2 COOH 

CyJoehromf c 

active hematoporpliynn IX (p 167) The optical activity arises from 
the fact that the hematoporphyrm, hkc cytochrome c, has two substitu- 
ents with centers of asy'mtnctry (designated by' means of asterisks in 
the formula given above) On partial degradation of beef cytochrome c 


3<in tiypsm 

- valyl— •glutammyl — lysyl — cystemjl — alanyl — eJutaminyl 


tryp«n p«p*,n | Porphyrin ) 

i I ■ 

— lysyl— glulainyl — valyl— Ihreonyl — hislidyl— cystemyl 


Probable amino sckI aeciuonco in bref cytochroms c 

by the proteinases pepsin and trypsin, hemc-containmg fragments (hemo- 
peptides) of the original molecule arc formed, the ammo acid sequence 
shown is bcheved to describe the segment of the protein to which the 
porphyrin is attached** It is of interest that the amino acid sequence 
in the comparable peptic degradation product of salmon cytochrome c 
appears to be the same as that m the hcmopeptide from the bovine 
material, m chicken cytochrome c, the alanine residue of the beef hemo- 

*®K*G V'au], Acta Chetn Scand ,5^380 (1051) 

*^H Tuopv and S PaJeus Acta Ckem iScand, 9, 353, 365 (1955) 
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0 465 per cent Fe ® The pirticle \veight of c>tochroine c is about 13,000, 
in agreement ^Mth the minimal molecular eight calculated from an iron 
content of 0 43 per cent Hence onlj one iron atom is present per mole- 
cule of the heme protein Cjtochrorae c has an isoelectric point of pH 
10 05,® consistent ^ith 4 rclituclj high content of lysine (about 20 
residues per unit of 13,000) 



Wave length mu 


fl 0 3 Absorption «pcctra of oxiditcd nnd of reduced Otochrome c from horse 
licxrt, tlii'i preparation contained 015 per cent iron IFrom D Kcilm nnd E C 
fehUr, Bnt Med Hull 9,80(1053)1 

C-vtodirome c prcpirations from horse henrt nnd from beef henrt hare 
l>ecn the ones studied most tliorouRlih , tlicj r\ ere found to be r erj 
similar in phj sicnl nnd clicinicil properties to cacli other, nnd to prcpnrn- 
tions olitnincd from otlur miimls («nlmon, cliicken) In addition, 
pipncnts bar ing tlic nb=orption la i\imn clnnetcri'tie of ferrocj toehrome 
c hare been identified in other nnimnU, in plants, nnd in tnctcria 
Clearh , licnic pigments « ith tin spectroscopic jiropcrtics of hcnrl muscle 
Cl tochronic c arc i cn ii nlcli distributed in n itiirc It is the |irictiec 
to refer to such pigments ns “oitochronic c," nlthough thej differ in 
scicrnl respects from the heart muscle prcpirntion 

llic porpliirin of cllachroinc c is a dcriiatiic of protoporphi rm IX 
(p IG'i), nnd is joincef to the protein hi tno thuicthcr linkage' mioIiinR 
the sulfur of two (istcine residues in the peptide eh un, ns shoiin m the 

*1 llirRoliisli Ihnchrvi 56, 520 135 (Ittil) 

MI Tml nn.l \1 Ilns J hiol Chrn 102. 315 307 (lOoO) 
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Cytochrome a and Related Pigments It has long been knoun that 
preparations of animal tissues can catalyze the oxidation of dimethji p 
phenylencdianiinc bj oxygen The enzyme system responsible for this 
reaction ^^as named “indophenol oxidase,” because of the formation of 
indophenol blue uhen the oxidation is conducted in the presence of 
ft-naphthoH’ Kcilin’s study of this enzyme system shoued that the 
oxidation is mediated bj cytochrome c, whose ferric form is reduced by 
dimcthyl-p-phenjlenediamine, the fcriocytochrome c then is rcoxidized 
enzymically by Oo Tiic name cytoclirome oxidase was assigned to the 
enzyme responsible for the oxidation of cytochrome c by oxygen, and 
there is considerable cxidence for the view that the cytochrome oxidate 
of heart muscle is identical with cytochrome aa As noted before (cf 
p 350), cytochrome ag was found to be associated with cytoclirome am 
heart muscle preparations Although the two pigments have similar 
absorption maxima, and appear to be closely related functionally, they 
differ in the fact that cytochrome a docs not react with Oo or CO, whereas 
cytochrome is autoxidizable and forms a CO-compound with absorp- 
tion maxima at 589 nifx and at 430 m/t Since the photochemical action 
spcctnim of the CO-compound of the “respiratory enzyme” in yeast and 
heart muscle preparations exlnbits the same maxima (cf p 348), it has 
been concluded that cytochrome aj is identical witli AVarburg’s Atmiings- 
ferment Spectroscopic studies also indicate that, in cells containing 
Cytochromes c (or Cj), a, and a^, electron transfer from ferrocytochrome 
c (c2+) to oxy'gen invohes the reversible oxidation-reduction of the 
cytochrome a and ag systems, as shown Ball'® has estimated the Eq 



(pH 7 4, 20° C) of cytochrome a to be +0 29 -volt The potential of 
cytochrome as is not known at present 
The study of cytochromes a and as has been impeded by difficulties 
encountered in the extraction of these components from tissues Cellular 
particles containing cytochrome oxidase activity may be dispersed with 
the aid of bile salts such as sodium cholate or deoxycholate, which 
emulsify lipids apparently associated with cytochromes a and as By 
treatment of such dispersions with the proteinase trypsin, clear aqueous 

” VV Straus, J Biol Chem , 207, 733 (1054) , 

18 D Keilm and E F Hartree, Proc Boy Soc . 127B, 167 (1939), E G Bill etal. 
J Biol Chem, 193, 635 (1951), B Chance, tW , 197, 567 (1952) 

G Ball Biochem Z, 295, 262 (1938) 
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peptide appears to be replaced b> a gcnne residue Cjtochrome c con- 
tains 3 or 4 IiistKimc residues, and it is probable that the imidazolj I 
groups of 2 of these are linked to the iron to form a hcmochromogen 
At phj siological pH values, the 6 coordinate valences of the iron of 
cjtochrome c are satisfied bj the 4 nitrogens of the porphjrm and prob- 
ablj bj 2 imidazolj 1 groups of the proteins, thus e\plaining the failure 
of cjtochrome c to combine with Oj or with CO (cf p 172) Fcrrocjto- 
chromc c can be oxidized nonenzvmicallj to the ferric form bj fcrri- 
cjanide, ferricjtochrome c can be reduced to the ferrous form bj a 
varietj of reagents, including p-plienjlcnediamine, cjsteine, ascorbic 
acid, and catechol The E(/ <30° C) of cvtochrome c is about +0 26 
V olt o\ cr tlie pH range 2 to 7 8 , in the region pH 7 8 to 10, the potential 
for 50 per cent i eduction has a —006 slope'^ (cf p 298) 

It was noted before that cvtochrome c is rcadilj extractable from 
tissues Spectroscopic studies have shown that, in addition to this 
soluble pigment, heart niusclc preparations contain a v erv similar sub- 
stance (a-band, 554 m^, /3-band, 524 lOju, /-band, 418 mu) which is 
extracted less easilj Tins pigment has been named cjtochrome Cj 
(formcrlj cjtochrome e», and is considered in endogenous form of cjto- 
chromc c “ Like ojtocliromc c this component is not autoxidiziblc and 
docs not appear to rc ict with CO or with ejamde, however, cjtochrome 
Cl IS thermolabile, in contrast to cvtochrome c 
Several tjpc> of bacteria contain heme pigments which, m their ferrous 
form, exhibit absorption maxima similar to those of heart muscle cjto- 
chrome c or Cl Tlio-o include heme proteins termed cjtochrome Co 
(from Rhodospinllxm rxtbntm), cvtoihromc c-j (from Desxdfovxbrio 
desiilfxtricafi'x) , and cv tochronics C 4 and c-, I from Azotobacter vincloxidii) 
In general, thc'-e b ictenal cjtochrome'' chlTtr from m tmmahan cjto- 
chrome c in tlicir clRimcal properties (e g , isoelectric point, oxidation- 
reduction potcntiall ind ire not reactive m the presence of the 
maminahin enzvinc si stems that effect the oxidition or reduction of 
heart cvtochrome c A liemt pigment smiihr to in immalian cvtochrome 
c, and nunid ‘cv toohroinc f ’ Ins nNo been identified in the loaves of 
higher plants, it apiw tr- to be confined to the ch!oro{)Inst« In ^ome 
nucroorg mi'-m" u-iullv eh'-ifiid ns strict anaerobes (eg, Clostndia), 
cjlochroniC' ire not deteitible 

’-I MiirK<»li I !i XuOin 173, 2*0 < ia>5) 

I Ro(^k(^nn.lI C. Hill 7 //»»/ CArm , ia2, 17 ( lOjO) 

Kcilnj iinl I I Ilirtn* Xo/nr, 176 200 ilOVj) 

’■'I I* V < nion Jtnrl M Kumn J Hiol Chtm 211, CH (1051) J U Po-'lcOf* 

J G.n Mtrwhwl 11. VTi 13, l*^ (19«), \ Ti'-n r< - lU»rh,m J 61, 5S2 
(la^T,) 

I Ilarlrro \iii ^ m Fn']imn! Ill I (ia>7) 
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Cyfochrome a ond Related Pigments It has long been knowTi that 
preparations of animal tissues can catalyze tlie oxidation of dimethjl p- 
phcnylenediamme by oxvgcn The cnzjrac sjstcm responsible forth]* 
reaction was named "indophenol oxidase,” because of the formation ot 
indophcnol blue when the oxidation is conducted m the presence of 
a-naphthoP^ Kcilm’s studj of this enzjmc system showed that the 
oxidation is mediated bj cytochrome c, whose feme form is reduced bj 
dimethyl-p-phcnylcnediaminc, the fcrrocy tochrome c tlien is reoxidized 
enzymically by Oo TJic name cytochrome oxidase was assigned to the 
enzyme responsible for the oxidation of cytochrome c by oxygen, and 
there is considerable c\idcnce for the view that the cytochrome oxida'c 
of licart muscle is identical with cytochrome as As noted before (cf 
p 350), cytochrome as was found to be associated with cytochrome a in 
heart muscle preparations Although tlie two pigments haxc similar 
absorption maxima, and appear to be closely related functionally, they 
differ m the fact that cytocliromc a does not react with Os or CO, wherea* 
cytochrome aj is autoxidizablc and forms a CO-compound with absorp- 
tion maxima at 589 m^ and at 430 m#* Since the photochemical action 
spectrum of the CO-compound of the “respiratory enzyme” in yeast and 
heart muscle preparations exhibits the same maxima (cf p 348), it ha- 
been concluded that cytochrome ag is identical with Warburg’s Atmunqt 
ferment Spectroscopic studies also indicate that, m cells containing 
cytochromes c (or Ci), a, and a^, electron transfer from ferrocy tochrome 
c (c 2 +) to oxygen involves the reversible oxidation-reduction of the 
cytochrome a and 53 systems, as shown BalP® has estimated the So 



(pH 7 4, 20° C) of cytochrome a to be +0 29 rolt The potential ot 
cytochrome ag is not known at present 
The study of cy tochromes a and 33 has been impeded by difficulties 
encountered m the extraction of these components from tissues Cellu ar 
particles containing cytochrome oxidase activ'ity may be dispersed wi 
the aid of bile salts such as sodium cholate or deoxjcholate, wh^ 
emulsify lipids apparently associated with cytochromes a and 83 > 

treatment of such dispersions with the proteinase trypsin, clear aqueou* 


Straus, J Biol Chem, 207^733 (1054) „ . 

Keiim and E F Hartree Proc Roy Soc . 127B, IC7 (1039) , E G BaU et a ^ 
J Biol Chem, 193, G35 (1951), B Chance, tbid, 197, 567 (1952) 
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solutions containing these cjtochromes ha^e been obtained The 
complete structure of the porphjnns of cjtochromes a and has not 
been established, these porpinnns appear to be closelj related, but 
possibly not identical, and are characterized b\ the presence of a side- 
chain formyl group in place of one of theamal groups of protoporph> nn 
(cf p 16^) 

Some bacteria contain pigments similar to c> tochromc a, and designated 
Otoelirome ai and cj tochromc i> In /tcefohactcr pasteunaniim, 
c\ tochromc aj (a-band, 588 m;il is the terminal rcspiratorj enzjme, this 
pigment forms a CO-compouncl that is dissociated bj light Ho\\e\er, 
it does not catalyze the oxidation of mammalian ca tochromc c bj 
owgen 

Cytochrome b and Related Pigments Like c\tochromcs a and a^, 
(j tochromc b is not rcadilj extractable from tissues, and is thermolabile 
Little IS kno^^n about its chemical nature, and most studies of this cjto- 
chronic component h<i\ c b( cn limited to spcctrophotomctnc measurements 
At phjsiological pH Nalues c\ tochromc b docs not react nith CO or with 
c>anulc, but appears to lx autoxidizablc Its Co'(?)H 7 4, 20® C) has 
been estimated to be about 0 00 \olt 
Spectroscopic studlc^ ha\t Mionn that the c> tochromc b of heart 
muscle preparations is reduced b> succinate, and tiial tiie oxidation of 
ferroca tochromc b In oxNgen imoUcs the participation of cjtochromes 
c, a, and a In some cdlular systems (eg, rat Incr mitochondria), 
electron transfer from &uccinate or DPXH to fernej lociironic c appears 
to be mediated In hcnio proteins whoso spectroscopic properties are 
similar to the cjtocliromc b of heart mu'*(Ie preparations*’ It will be 
recalled that flaeojirotcin prcpirations haac been obtained that cataljzo 
rapid electron transfer from reduced pandme nucleotides to ferncjto- 
chroine c (cf p 343j The posMbihta tint, in ha mg cells, one or more 
additional electron earner- maj be intcrpo-cd hctaacen a flaain and 
catochromec tor Cj i was rai-ed bj the <hscoacrj th it treatment of Iicart 
inu«cle preparations aailh nnphthoqmnonc^-* or aaith 2,3-(limcrcapto- 
propanol (BAI-. — Ilnti-h anli-I caai-itel inhibits the reduction of 
ca tochromc c ba succinate or ba DPNIl, but docs not affect electron 

-"I ‘5,n,tii and I Motz J Uml Chm 209, 819 (mt) I tfne/, 215, 

m (lOjj) 

A Uawlin'-on and J 11 II>1< /tHir/irm J t5, 217 tiaiO) I T Oliver and 
A Uiwlm'iin ttnd 61,011 M Xlorri'‘on and 1 ‘'toll J Ihnl Chetn^ 

213. 3n (la'n) 

•* 1 ''initli linrt lit, 100 (10»l) Arch Itinchnn and [tinphy^ , 50, 200 

np.l) J UirrtU Jhochivi J 61. 026 tl«i*.G) 

"di Climu and fl It Uilliant- J Hud Clum 217, 120 (1955) 

G llallital ; /6o/ 16»,2>T (10171 

"-1 C SKtrr /Ji.Wi.m ; 15.14(1019) 
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transfer from succinate or DPNH to cytochrome b, or from cjfochrome c 
to ox>gcn Subsequently, a similar effect was found with antimycm A 
(an antibiotic from a strain of Streptomyces) The antibiotic docs not 
inhibit the purified pyridine nucleotidc-cjtochrome c reductases The 
action of antimycm A has been studied extensively, and it has been 
concluded that the antibiotic blocks electron transfer from cytochrome 
b to cj tochrome c (or Ci) How this inhibition is effected is not knoim, 
a relation to the hpids apparently associated with cytochrome b is sug- 
gested by the report that the action of antimycm A is counteracted by 
vitamin E (Chapter 27) The antimy cm A-sensitivc respiration of 
tissue preparations lias been attributed therefore to the participation 
of cytochrome b in tlio sequence of electron transfer from metabolites to 
oxygen, and this pigment has been assigned the role of an electron earner 
between flavins and cytochrome c 

Many biological systems have been shown to contain licrae pigments 
whoso properties indicate a similarity to licart muscle cytochrome b 
Among tlicse are cytocliromcs found in the microsomal fraction of liver 
preparations”* (cytochrome m) and in insect tissues (cytochrome bj)^ 
Because of their spectroscopic resemblance, cytochrome bg has been 
considered to be closely related to cytochrome m The absorption 
maxima of the reduced cytochrome from rabbit liver microsomes are 
a-bond, 557 m/i, /?-band, 527 mju, y-band, 423 m/x Tlie corresponding 
values for the insect pigment arc 657 m;;t, 620 m;*, and 421 m/z The 
oxidation-reduction potential (Eq') of cytochrome m has been estimated 
to be +0 02 volt (pH 7, 20" C) Like cytochrome b, those heme pig- 
ments do not combine with CO or with cyanide, and appear to be autoti 
disable However, antimycm A docs not inliibit the oxidation of 
ferrocytochrome m (or bg) by fcrricy tochrome c, tins difference between 
the effect of antimycm A on the reduction of ferncytochrome c by 
enzyme preparations from mitochondria and from microsomes also has 
been observed with plant material^® Thus, although both mitochondria 
and microsomes from several types of organisms can effect electron 
transport from DPNH to cytochrome c, the properties of the intermediate 
electron earner system in mitochondria appear to differ from the corre- 
sponding system in microsomes Liver microsomes contain a FAD-flavo- 
protem that catalyzes the oxidation of DPNH only by cytochrome m 

26 V R Potter and A E Reif, 7 Btol Chem , 194, 287 (1952), 205, 279 (1953). 
M B Thom, Bioc/iem / , 63, 420 (1956) 

21 A Nason and I R Lehman, J Btol Chem, 222, 511 (1936) 

28 C F Stnttmatter and E G Ball, Proc Natl Acad Set, 38, 19 ’ 

P Stnttmatter and S F Velick. J Biol Chem . 221, 253, 265 (1956) . 220, 785 ( 9a/ 

26 A M Pappenheimer, Jr , and C M WilUama, 7 Biol Chem , 209, 915 ( 

80E M Martin and R K Morton, Biocftem J 62 696 64, 221, 687 (\9o9} 
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solutions containing these c\tochronics ha\e been obtained-® The 
complete structure of the porphjnns of cjtochromts a and aa has not 
been established, these porphjnns appear to be closolj related, but 
possibly not identical, and arc characterized bj the presence of a side- 
cliam formal group in place of one of the Mn^l groups of protoporphjnn 
(cf p 165)21 

Some bacteria contain pigments similar to cj tochrorae a, and designated 
cjtochrome aj and cjtochrome a 2-2 Jn Acetobacter pa^tennanum, 
c\tocliromc aj (a-band, 588 m;*t is the terminal rcspiritorj enzjme, thi** 
pigment forms a CO-compound that is dissociated b> light Honcier 
it docs not catalyze the ovulation of mammalian c>tochrome c bj 
ov) gen 

Cytochrome b and Related Pigments Like cjtochromcs a and a-j, 
cjtochromc b is not readili extractable from tissues, and is thermolnbile 
I ittlo IS knoiin about its chemical nature, and most studies of this cjto- 
chromc component ln\ e been limited to spcctropliotomctnc measurements 
At plij siological pH \ aluc', c> tochromc b does not rc tct i\ itli CO or n ith 
c}amdo, but appears to be autoxidizable Its l^o'ipU 74, 20® C) has 
been estimated to be about 0 00 aolt 

Spectroscopic «-tU(|jcs hnic shonn tint the citochrome b of heart 
mu«clc preparations is reduced In sucemate, and tlmt the oxidation of 
fcrrocj tochromc b h\ oxsgen imohes the participation of cjtochromcs 
c, a, and a<{ In some ctllulir sj stems (eg, rat liier mitochondria), 
electron transfer from succinate or DPXH to fernej tochrome c appears 
to be mediated b) heme proteins uho'-e epectro-copic properties arc 
similar to the ea tochromc b of heart muscle prep irations 2"* It mil he 
recalled that flaioprotein prcparitions liaae been obtained tlmt catahze 
rvpid electron trmsfer from re<Uiccd pxridmc nucleotides to fcrnijtO' 
chrome c (cf p 343) Tht po'"-ibiht\ that, in In mg celb, one or more 
additional electron earner*' mi> he intorpo'-cd betneen a flnin and 
cytochrome c (or Cj l is rmed In the di'co\cra tlmt treatment of licart 
mu-clo preparations ^^llh n jphthotjiunono''^* or with 2,3-d)mercnpto- 
propanol (IIAIj — B ntnh aiiti-I cwnito),- inhibit*' the reduction of 
cytochrome c In «uccinite or In DBIsU, but doc** not affect electron 

=*'1 «mul» wl I Slot! J IJiol Chrm 209, 819 I ibi4 215, 

2' \\ \ lliwlm-on an<l J H Ilalc J t3 217 11919) I T Olnrr nnd 
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'ippearfe to be comertcd in the anima] to helicorubm, a hemochroraogen 
found in the gastrointestinal tract 

Sequence of Electron Tronsporf by the Cytochromes There is little 
doubt that the respiration of most aerobic organisms and tissues proceed': 
\ia a cjtochrome system For example, showed that, if one 

measures the extent of light ab«:orption of j east colls at 550 in/t (position 
of tho a-band of cj^tochromc c), m air all the cytochrome c is m the 
ferrio form, whereas in nitrogen it is all in the ferrous form Haa, 
estimated the concentration of cjtochrorae c to be about I X 10“® milli- 
mole per milliliter of cell suspension He then determined the rate of 
reduction of cytochrome c when ejanide was added to a suspension 
of -veast cells to pre\ent reoxidation of the reduced form of the pigment 
From these kinetic measurements he calculated that the reiersible 
oxidation and reduction of cjtoehromc c should permit an O 2 uptake 
of 032 cmin of O 2 per milliliter of cell suspension Direct measurement 
gave a value of 0 34 emm, and it was concluded, therefore, that nearlj 
all of the respiration of the jenst cells proceeded via cjtochromc c 
Furtliermorc, yeast cells grown in the presence of the acridine dje 
acnflavinc lo«c the capacity to sjnthesize components of the cj’tochmme 
system, including cjtocliromc oxidase, the dwarf colonics ("petite” 
jeasfc) that result exhibit a marked reduction (ca 95 per cent) m 
oxygen uptake^” Additional evidence for the important role of c}io- 
chrome c in biological oxidation is provided by a comparison of the 

Qoj values (cf p 288) of various tissues of tho rat with the correspond 

ing values for the cjtochromc c content of these tissues (Table 1} 
However, as will be seen later (cf p 359), the most direct evidence of 
the participation of the cjtochroines in electron transport to o^gen has 
come from tlie spectrophotometnc studies of Kcilm and Chance 

It will be recalled that, of the known cjtochromcs of animal tissues; 
cytochrome e is the only one that is readily extractable, and that tho 
other cytochrome components (b, a, a-.) of a preparation of heart muscle 
or rat liver mitochondria are bound more firmly to the organised struc- 
tures of the cells For manj jears (Battelh and Stern, 1910, IVarburg, 
3913) it has been recognized that the rapid oxidation of a metabolite 
such as succinate by O 2 m the presence of a tissue preparation depend- 
on the structural integnty of a cataljtic unit now known to constitute 
a multienzjme sjstem The complete catalytic Bjstem for the oxidation 
of succinate by Oo (originallj termed "succmoxidase") is localized m 
discrete intracellular structures In rat liver cells, sucemoxidase activitv 

37 J Kcibn, Bwchetn J , 64, 663 <1956), Noirtre, 180, 427 (1957) 

38 E Bias, 22, 207 <1934) 

38 P P Slonimsk] m Adaplalton tn iXtceo^rganum^, Camhn6iseVDi\cTSii} 

Cambridge, 1953, B Ephrus^i, Naturtmtsenschaflen, 43, 505 (1956) 
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(but not b> cjtochromo c) , howc\er, since cytochrome m can react 
directly \Mth cjtochromc c, the electron transfer from DPNH to cjto- 
chrome c obser\ed in the presence of the microsomal fraction appears 
to be effected Ma the endogenous cjtochromo m It Ins been suggested 
tliat in silki\orm [Cecrojna) pupae during diapause (Chapter 38), ^hen 
their respiration is not inhibited b\ CO or b\ cjanide, cjtochromc bj 
acts as a terminal respiratorj cnzjme in place of the cjtochromc c- 
cjtochromc oxidase system Cjtochromc bj v\as first thought to be 
identical i\ith the pigment onginallj named c\tochrorac c (now recog- 
nized as cjtochromc Cj, cf p 353), but this has been shown to be 
incorrect 

Pnor to the identification of the cjtochrome bo (or m) group of 
pigments, sci cral other intracellular heme proteins had been reported 
to luue properties similar to those of cytochrome b Cjtochromc bi 
(a-band, 558 m/*) has been found in sc\eral bacteria, including Coryne- 
bactenum diphtheriac and it has been suggested that tlie toxin elaborated 
bj this pathogenic organism is related to the jirotcm portion of c^to- 
chrome bj Cjtochromc bo (a-band, 557 m;*, /3-band, 528 mp) was 
found in baker’s jeast, and is associated with preparations haMng 
dehydrogenase actuitj toward L-lactic acuP’ The lactic dchjdrogenasc 
of jeast has been purified apprcciablj, and appears to be a conjugated 
protein containing nonlicmc iron, and having both flavin mononucleotide 
and hemo as prosthetic groups The lactic dchj drogenase of yeast thus 
resembles the mctallonavoprotcms (cf p 338), and differs from the 
enzjmc found in mammalmn ti'^Mics (cf p 318) Cjtochromc bg 
(n-liand, 600 m^) Ins been identified m inicro«omcs from the tissues of 
higher plants “ Cvtochromc b 4 was reported to be present in some 
bactena, but its properties suggest that it belongs more properlj to the 
group of bacttrial pigment'' rciatnl to cjtocbromc c (cf p 353) Cjto- 
chrome be (a-band, 503 was found in the chloropla&t'’ of some green 
plant'', where it ippcirs to be a-«ociatc<l with cvtochromc f (cf p 3")3) 
riio oxidntion-rcduction jiotcntml (pH 7, 25°C) of cvtochromc bo has 
been estimated to be about —000 volt 

A pigment that resemble*' evtocliromc b occurs in the hopatopancrcas 
of the ‘inail Ilchx pomatio, and has been named “cjtochromt h”, it 

="1 P Vemon J Hint Cl, cm 222,1035(10^) 

\ M P«pj>rnlicimcr Jr nnil F D Ilrndrr J litol Chrtn 171, 701 (1917) 
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the folloxving sequence of electron transfer DPNH-^ flavin-^ cyto 
chrome b — > cytochrome c (or Cj) cytochrome a -> cytochrome 
as Oo If values are assumed for the Eq' (pH 7) of the DPN s}stem 
(—032 \olt), the flavin system (—01 -volt), cytochrome b (000\olt), 
cytochrome c ( + 0 2C \oIt), and cytochrome a ( + 0 29 volt), electron 
transfer to O2 ( “ + 0 81 \ olt) seems to be effected in stages by means 
of earners of successnely more positive potential These steps are ever 
gome reactions, and, as will be seen in the next chapter, several of them 


are coupled to the endergonic phosphorylation of adenosine diphosphate 
to form adenosine triphosphate 

The most incisive recent data on the sequence of electron transfer m 
tissue preparations and in intact cells have come from the work of 
Chance, who has developed rapid and sensitive spcctrophotometnc 
methods to observe changes in the oxidation-reduction state of the com- 
ponent electron earners ** The methods depend on the determination 
of the difference in the absorbance of a tissue preparation or a cell 
suspension m which the earners arc fully oxidized and one m which they 
are partially or fully reduced Examples of sucli ''difference spectra" are 
given in Fig 4, which describes the effect of oxygen deprivation and of 
treatment with antimycin A on the oxidation state of the electron carriers 
m rat liver mitochondria *'• It will be seen that, when the raitochondna 
are made anaerobic, all the detectable earner systems become reduced, 
as shown by the positive increment m the absorbance at 340 m/* (DP^^H), 
445 ra^i (cytochrome ag, y-band),550m/i (cytochrome c, o-band), and 6O0 
m/i (cytochrome a, a-band), as well as the decrease in absorbance at 
about 460 m/t (flavin) It w^iU be recalled that the reduction of flavms 
causes a decrease in their absorption in the visible region of the spectrum 
(p 331) If aerobic mitochondria are allowed to act on ^-hydrov')- 
butyrate (p 316) in the presence of antimy'cin A, increases in the extent 
of reduction arc observed only for cytochrome h (o-band, 563 ni/t, y-band, 
430 nift), and the flavin and DPN systems Under these conditions, 
cytochromes c, a, and aj are m the oxidized state, and electron transfer 


from cytochrome b to cytochrome c has been inhibited 

In the enzymic oxidation of a relatively' large amount of a metabolite 
(eg, succinate, ^-liydroxybuty rate) by O2, under conditions where tlie 
concentration of these reactants is not ratc-Iimitmg, each of the com- 
ponents of the electron transfer system is present at a stationary ra 10 
of oxidant to reductant Tins ratio is different from that found a 
thermodynamic equilibrium, which is approximated more closely un er 
anaerobic conditions, as described by curve 1 in Fig 4 Under aero m 


Chanto Science, 120, 767 (1054), B Claance and G R VViHiam?, Advances 
in hmymol , 17, 65 (1956) 

«B Chance and G R Williams,/ Bwl CAcm, 2 17, 395 (1955) 



METAL-CONTAINING OXIDASES 


359 


Table I Comparison of Cyfochrome c Concentrafion and Oxygen 
Consumption in Various Rat Tissues'*® 

C\tocliromc c, 

Approximate /ig per gmm clrj 


Tissue 

f?o» 

weight 

Erj’throc^ tes 

0 1 

S 

Skin 

15 

51 

Muscle 

6 

3S1 

Dram 

10 

375 

Lieer 

10+ 

007 

liidnej 

20 

1433 

Heart 

30+ 

1940 


IS associated with the mitochondria/* and in lieart muscle it is localized 
in particles ( ‘sarcosorncs’ ) that correspond cjtologicallj to the mito- 
chondna of other tissues 

Keilin showed that it is po‘‘«:ihl( to separate “succinoMdasc” into tno 
component sj stems, one of which ma> be called the dclijdrogcnasc 
b>stein and the other the o\id isc sjstem ^Micn succmit acid is oxidized 
anaerobically bj metlijlcne blue in the presence of tlic succinoMdaso 
b\stem, the band of reduced c>tochroine b disappears, whereas the bands 
of cjtochromcs c, a, and a remain unchanged On tJie other hand, the 
cataljtic actuit) of components a ind a-* ina\ be inoasuicd b> using 
p-pbcn 5 lcncdinmine as the substritc and c\tochrome c as an electron 
earner, here p-plien\lencdiaininc rcjilaccs the ‘>uccinate-cjtochroino b 
«\stem Tlio nctiMtv of this oxidase <5>sUin, ic, cjtocbronics c, a, and 
i{, i** influenced b\ a \anct\ of factors cspcciallc the concentration of 
})lio«plinto, which do not alter the actuitj of tlic dehadrogenasc system 
The functional intcgrita of the compute succinoxid I'-c *5% stem nppearo 
to (Upend on the presence of pho'pliolipnU A" mentioned before, elec- 
tron transfer from Miccinatc to ratochromc c probibh in\ol\cs a fla\m, 
cjtocbroinc b, and an antmncin A-scnsiti\c factor tint links catocliromc 
b to c 5 tocbroinc r i be -ttjticnct of cUctroii truisfer to oxjgen in tlic 
succinoxida^'C *>j>tcin appe ir** to be a'« follows ‘•uccinatc— > fln\ in 
CNtoclironie b — * c> toebrmne c — * < \ tochromc a -+ tochronio a-^—^Os 
Siinilarh , with li\cr initoebondrm, which effect the rapid oxidation of 
DPMI h\ oxapen, a cluinicil di*'‘*(ction of the ‘ DPXII oxid i-e" 
has !)ccn achle^cd” and the experimental tcidcnce is consi^tdit with 

*'’D Drahkm ml J Itouchlon jiikI J C Urndrow UctnoQlnlnn IJiitIrr- 
worths Vitnlifir Puhlu ntioii« I orxlun 10l‘» 

*'C| II lIogflHX.m «t n! J Jhol (firm 172 Cn flOlS) 1113, 123 (lOV)) 

W ChrkdnUy /W (firm 210 Sil <:oi (inji) 

** I) I Gr««n in O II (/nrlihr f-iuymt* I'ntts oj Jliolofftcnl Structure n»d 
fuiirdon \nc!(mi< IVi’*’' '*(« Aork |0j6 
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of tlie succinoxitlasc system, the transfer of electrons from ferrocjto- 
chrorae c to oxygen appears to “pull” the equivalent transfer of electrons 
from succinate Similarlj, the stcadj -state levels of oxidation for the 
electron carriers in rat liver mitochondria during the oxidation of /3- 
hydroxj butyrate by Oo also indicate that the oxidation of ferroc}to 
chrome c by oxjgcn is much more rapid than the reduction of 
ferncytocliromc c by electrons derived from the metabolite"*^ Other 
important studies of the steady-state kinetics m cell preparations and 
with purified enzjmes have been discussed by Chance"*® 

It will be evident from the foregoing discussion that the researches 
of Keihn, Chance, and others have shown that, m general, the cyto 
chromes related to cjtochromc a serve as electron carriers between 
c>tochrome c (or Cj) and ox>gcn, and that the cytochromes related 
to cjtochromc b are closer to the deliydrogenasc-catalj zed reaction'- 
in the sequence of electron transfer Althougli the mam outlines of the 
sequence have been worked out for the aerobic oxidation of metabolites 
such as succinate and /3-h>droxybutyratc by lieart muscle and liver 
mitochondria, points of uncertainty still remain Among these are the 
role of c>tochrome Ci, of cytochrome b, and of the mctalloflavoproteins 
It should be recognized that the oxidation of all metabolites maj not 
require the participation of the complete sequence of electron earners, 
for example, it is likely tlut tlic oxidation of ascorbic acid in animal 
tissues maj proceed via cjtochromc c and cytochrome oxidase onl} 
Furthermore, the discussion of the properties of the individual cyto- 
chromes has indicated that alternate pathways of electron transfer mu«t 
be considered The occurrence of different mechanisms in widely different 
biological forms is extremely probable, and even in the case of mam- 
malian tissues the microsoracs (wluch contain cytochrome ra or b^) may 
have an electron transfer mechanism different from that of the mitochon 
dna of the same cell type For tins reason, it is not advisable to 
generalize too extensively about the manner in which the various cyto- 
chromes of microorganisms, plants, and animals function to effect tfe 
oxidation of metabolites by oxygen Much further work on the charac- 
terization of the individual cytochromes is needed 

The Peroxidases and Catalases 

Peroxidases The peroxidases and catalases are iron-porphyTin* 
containing enzymes that catalyze reactions in which hvdrogen peroxide 
an electron acceptor The peroxidases are conjugated proteins foun 

+7B ChanceandG R Williams,/ Biol CAcm, 2 17, 409 (1955) 

Chance, m W D McEIroj and B Glass, MechanisTn of Enzyme AcUor, 
Johns Hopkins Press, Baltimore, 1954 

•19 H Theorell in J B Sumner and K Mjrback, The Enzymes, Chapter 
Academic Press, ^Tew lorL, 1951 
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conditions, the stationary ratio oxidant/reductant is characteristic of the 
stead) state determined b> the rates of electron transfer m the lndl^ idual 
stciis of the sequence {cf p 243) The method dc\ doped b> Chance 
permits estimates to be made of the stead) -state ratios of the electron 



Mg A DilTcrrnrc spectn for the r('-piraton rimer oMfem^ in rat In or mitoclion- 
drii The poliil iur>c I reprt*-enW the dillcrencc between the reduceil ftnd o’culizcd 
forms tlut IS made cMtlcnt h\ nino^ »1 of o-^'Ren The dnlird cur%e 2 represents 
the difftrenic “pcilrvmi olitained wlien mrobii nutorliondru net on /i-lndrorjbn- 
t\rale in the preN<inc of intim\«in \ (hroin Cliinrt ind ^^dIMms^ ) 

earner s%‘.tcni« under i \ init> of i\periiuontal conthtion'^ For example, 
rur\c 2 m 1 ig 4 diow- tint mlmucin \ increase- the ‘•to ul\ -st \tt 
nduction of (3tochrumt b In tin nerobic oxnlation of =uccmate, b\ a 
hcirt muscle s\iccino\ida-c priparation, the perccnlnpts of oxidation 
of cxtocliroines a-j, a, and c in the stead) state arc approximatcK 80, 74, 
ami 83 rcspcctiech The prcdomin incc of the ferric fonns of these 
dectron earner- i= ron-i-icnt with the finding that tlieir ferrous forms 
arc oxidired at rites about 100 to 100 timei more rnind than the initial 
<liU\ drogen ition of Micemati Tim*, m the eioadj -tatc of the operation 
Chann J Ihol C/irm. 197. S67 \ ofurr, 109, 215 (ino2) 
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The ^vork of Chance"'- has provided important knowledge of the 
mechanism whereby horseradish peroxidase exerts its catalytic action 
Upon the addition of HoO^ to peroxidase, a primary addition complex is 
formed uliich has a green color (absorption maxima at 410 and 665 ran) 
This peroxidnsc-HoOj complex (complex I) is formed extremely rapidl) 
(^l •= 9 X 10” scc“0, nnd is dissociated to peroxidase and HoOg 
much more slowly (K 2 about 3 scc^^) In the presence of an electron 
donor such as p-aminobcnzoic acid (AH^), complex I is rapidlj con 
verted (k-j = 5 X lO'* scc~^) into a pale-red complex II (absorp 
tion maxima at 418, 527, and 555 in^) The further reaction of complex 
II with the substrate, to regenerate the enzyme, is slower (^4 = 2 X 10* 
eec~^) than the transformation of complex I into complex II, 
hence complex II is the apparent “Alichaclis complex" m the peroxida'e 
catalyzed reaction (cf p 256) Similar cnzjme-substrate compounds 

are formed with alkyl hydrogen jieroxidcs such as methyl hjdrogen 
peroxide (CH^OOH), but the rates of formation and of decomposition 
arc diflcrent from those found for the H^Oo compound The nature of 
the chemical changes undergone b) the peroxidase molecule in the 
catalytic process has not been elucidated,®* but it has been suggested that 
the following sequence of icactions occurs in the peroxidase-catalyzed 
oxidation of an electron donor bj H 2 O 2 (or by ROOH) 

Pero\idase-H 20 H 2 O 2 Pero\idasc-H 202 (complex I) + H 2 O 

(brown) ** Orrecn) 

Complex I -f- AH 2 Complex II -J- AH + H 2 O 

(green) (pale red) 

Complex II -h AH -f- AH 2 — ^ Pero\idase-H 20 + A + AH 2 

In these reactions, AH denotes the half-oxidizcd electron donor molecult 

The physiological function of the peroxidases is not clear It may c 
that in plants these cnzjmes catalyze iiic oxidation of metabolites v 
means of H 2 O 2 produced m the direct reaction of reduced flavins wit 
oxj'gen (cf p 305) In wheat germ a peroxidase appears to be invoUet 
in the oxidation of TPNH by molecular oxygen,®^ and in Pseadomonas 
fiuorescens a peroxidase appears to he specific for the oxidation of ic 
c>tocliromc c-hke pigment of this organism’^ In respect to the perovi 

62 B Clianco, Arch Biocheni , 22, 224 (1949), Science, 109, 201 (1949) 

63 B Chance and R R Tergn^son, m W D McEIroj and B GJa<=s, 

Enzyme Action Johns Hopkms Press, Baltimore 1954, P George, in D ^ ^ ’ 

Currents tn Biochemical Research, Interscicnce Publishers, 'iorh, 1956 
E E Conn et a! , 7 Biol Chem , 194, 143 (1932) 

53 H M LenbofI and N 0 Kaplan, 7 Btol Chem, 220, 967 (1956) 
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largely in plant tissues HoT\e\er at least t^o peroxidases ha\e been 
obtained from animaK lactoporoxidase (present in milk) and xerdo- 
peroxidase (or mjelopcroxidase, m leucocjtes) Peroxidase actmtj has 
also been found in the adrenal medulla The t>pG reaetion catalyzed 
bj these enzymes ina-\ be written 

AH 2 + + 2HaO 

where AHj may be a phenol p-ammobonzoic acid p-phcn>lenediamine, 
ascorbic acid, or Icuco forma of oxid ition-rcduction indicators, ferro- 
cj toclirome c abo is oxidized 

The peroxidase that lia-s been studied most closcK is horseradish 
peroxidase, crystallized bj Tln-orcH This conjugated protein contains 
I 47 per cent hemm ip 1781 and hi« n molecular weight of about 40.000, 
there is present I atom of Fe per molecule of protein Troitmcnt with 
acetono-HCl at — -IS^C causes a dissociation of the peroxidase, the 
iron-porph> nn remains in solution and the pigmcnt-frce protein is 
precipitated Th( protein fraction is mactuc catil>tica\\\,but,if hcmin 
(prepared from licinoglobml is added to a solution of tiie protein at pH 
7 5, the origin li cataljtic actniU is lirge!} restored Peroxidase is 
therefore, a protein comparable to mcthcmoglobin m uhich the iron is 
also in the feme -^t itc Motheiiioglobin itself exhibits peroxidatic 
actiMtj, but onl> to a hunUd degree, and tlic full catal>tic actiMtj of 
the pero\ida-cs depend*- on the presence of the specific proteins charac- 
teristic of these met il/o{»orphinn cnzime- If th< ferric complexes of 
porphjrm'' other than protopoiphxrm I\ arc cmploxcd m the “resjnthc- 
'i'*” of pero\ida-e "oinc oatiKtic acti\it\ is found howexer, lhi« is 
much Ic-s th \n the actiMtx noted with he'mm 

The oxid ition-rcduetion potentnl of hor«cruhsh peroxidase has been 
determined bx Huburx," who h.a^i nported a xahie for 7 0, 

30° C) of —0 27 xolt Thiv potential i-. more ntgatui than tlio-e found 
for other wcll-dcfimd heme lompound'- and mix be compircd with 
' lines for Lo' (//II 7 10° C) of +001 xoU, +0 H xoU, and +02G xolt 
for (he inxoglolim, lumoglolun and cxtochrome c '?\‘-tcm‘' respeeUx cK 
riie-c difTercncc'* in pntrntiil «•- xxell ft" m other jirojicrtie^, "uggc'-t that 
tl»c modi of linkofit bitnttn tlic irnn-porphxrin and protein parts of 
peroMih«c 1 - different from that m aux of the other three conjugated 
protein" Like hemoglobin and inxoglobin, fcrroperoxid I'c combine" 
rexer"ibh with cx undt ami with t'O It 1 - of interest that not onlx tlu 
t O-rompound of ferroptroMda"c tiwhrgocs n\er"ib{c pho(o<fi""ocntion 

(cf p 1771, hut d-o tin cx \nidc romjiound exhibit" Ihi" jirojKrtx ■'* 

*“11 \ ll»rl>ur\ J lir) e lirm Vic 75 162% (ia>3> J hiol 1009 

Ua,7) 

n Kolin «ti-n 1 H.r{r<-« / 61, JS5(l'l,5) 
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of the peroxidases The reaction with H2O2 is very rapid (rate 
Catalase -f HOOR:?±Catalase-OOR 

constant, ca 1 X 10 “^ sec'i) The oxidation of ethanol by the 
cataIase-H202 complex has a rate constant of about 1 X 10 ^ M~ ^ sec~ 
higher alcohols (n-butanol, isoamvl alcohol) are oxidized at sloaer rates 

Catalasc-OOR + CH3CH2OH -^Catalase + CH3CHO + ROH + H2O 

In the presence of relatively high concentrations of H2O2, a catalase- 
peroxide complex effects the dehydrogenation of H2O2 in a manner anal- 
ogous to the dehydrogenation of a primary alcohol The reaction of the 

Catalase-OOR + H2O2 -> Catalase + O3 + ROH -f H2O 

catalase-H202 complex with another molecule of H2O2 is an extremely 
rapid process (rate constant, ca 2 X 10 ^ sec-i) 

CH*— CHj 

! I 

CH2— NH NH — CHg 

I I 

CHj— NH2 NHj— CHg 
r«mc complex of tnethylene Utramine 

It IS of interest that the feme complex of tnethylene tetramine cata- 
lyzes the decomposition of H2O2 with a tumoyer number of about 
100,000,*^^ however, this \alue is still much lower than that of catalase 
(ca 2 to 5 million) 


Copper-Confaining Oxidases®" 

Among the coppcr-containing proteins that act as catalysts in oxida- 
tion reactions those most studied are the polyphenol oxidases (aho 
termed phenol oxidases or tyrosinases) , which are widely distributed m 
plant and animal tissues The copper of polyphenol oxidase, like that 

in the hemocyanins (cf p 180), is not linked to the protein through a por- 

eoB Chance, / Biul Chem , 180, 947 (1949), 182, G43, 649 (1950), B Chance 
ctal.^rcA Btochem an(fBtoph|/a,37, 301,322 (1952) 

61 J H TVang, J Am Chem Soc, 77,522 (1935) 

62 C R Dawson and W B Tarpl^, m J B Sumner and K Myrback, The 

Enzymes, Vol II, Chapter 57, Academic Press, New York, 1951 „ 

63J Nelson and C R Dawaon, Advances tn Enzymol, 4, 99 (1914), S 
Mason, tbid, 16 105 (1955) 
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dase of mammalim leucocjtcb, it has, been suggested that this enzjme 
maj inactn ate toxic substances through oxidation bj HnOj 
Catalases The best known of the reactions catahzed bj the catalase& 
IS the decomposition of H2O2 according to the equation 

-^21100 + O2 

This equation de■'Cr]bL^ a himolecul 11 oxid ition-ieduction in nhicli one 
molecule of peroxide is oxidized to O2 and the other i*? reduced to water 
Catalases ha\e been obtained m crystalline form from seceral animal 
tife‘‘Ues and from bacteria The first crxstalhzation of a catala'se was 
performed by Sumner and Dounce, ’ who obtained it from beef luer 
Catalase crystals ha\c also been prepared from erythrocytes and from 
tiu lucrs of carious animaK The c^\^taIhne catalases obtained from 
\anous biological sources, including bacteria, ha\e similar chemical 
properties All the preparations that lm\c been studied appear to lince 
a molecular weight near 2 a 0 000 . ind to contain 4 iron atoni« per protein 
molecule Like the peroxidases, the catalases arc conjugated proteins 
m which the iron-porphsnn is in the feme state, the pro'-tlictic group 
IS the ferric complex of protoporplnnn IX 
It w as long thought tint the pninarc biological function of the catalases 
was to destroy HjU, winch i« toxic to luing s\stcm«> More recent 
studies of Keihn and of Cluncc dcmonstrat(d that those enzymes may 
ha\e a broader physiological function Keihn and Hartrcc*'^ «Iiowcd 
that, if catala&c and ethanol are aclded to a system m winch H20> is 
produced (eg, the oxidition of gluco't to gluconic acid by notntin, 
cf p 339 ), the alcohol is oxuhzed to acetaldehyde 

CH3CII.OU + H202->eH,C HO + 21120 

Thi<! equation correspond- to the typ< of reaction catahzed be the perox- 
idases, and indic itcs that catalisc- and ptro\ida-cs are more similar 
in their mode of action than had been tluuight prcMously (cf Keihn 
and Hartrce ”) For this rt ison Ihc-c two types of inzMuc- art con- 
‘•ulcrcd to belong to a «inglt group termed “Jndropcroxulascs ” The 
catala«c<« and pcroxidi'-cs exhibit ilifftrenccs in s|)ecificily for tlic electron 
ilonor, in contra*'! to liycr cat dasc, hor-eradi-h jicroxidnsc docs not cata- 
lyze the oxidation of tthanol by 

At low concentrations of a peroxide (H^O^ or UUOH), catalase forme 
an enzyme-subetrate compound epectro-coiucnlly snnilar to “complex I” 

“'‘K AKnrr J Fxpll Vrd 92,M7(10 4)) 

•''J II ^umiwrnnd \ I Dotmrp J Hud them 121,417 (1937) 

I) Ki ilin nnd I I Harm p J . 39,203 (iaJ5) 

”*D Kpilm and 1 1 Ilartrcr, Ihochtm J , t9, RS (19ol), 60, 310 (lOtS) 
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oxidases serve as important links in electron transport from metabolites 
to oxygen, the status of tJiis (}ucstion is uncertain 
Another copper-containing cnzjmc nliich may be ol greater impor- 
tance in the respiration of higher plants is ascorbic acid oxidase Tins 
enzjme has been obtained in highly purified form from several plants 
notalilj squash, the copper appears to be firmly bound to the protein*' 
On oMclation. ascorbic acid is converted to dcliydroascorbic acid, the tno 
compounds forming a rev crsiblc oxidation-reduction system (cf p 306) 
It fins long been known tliat extracts of plant tissues contain an 
encyrne (dcliydroascorbic reductase) that catalyzes the reduction ol 
dcliydroascorbic acid (DHA) to ascorbic acid (AA) by glutathione •" 


Dehydroasoorbic rcductASs 


TPNH 

+H'^ 


GSSO 




f f 

Glutathione reductase Ascorbic and ojudase 


Stuciie$ on tlie rcbpiration of pea soctllings'’^ have ‘suggested that a multi- 
en 2 }rae sjstem composed of glutathione reductase {p 314) j dehjdro- 
aseorfaic reductase, and ascorbic acid oxidase inaj cataljae the transfer 
0 electrons from TPNH to oxjgen, as shonn in the accompanving dia- 
gram It IS difficult to assess the reJativc contribution of tins alternative 
patmaj of electron transfer to the total respiration of the seedliagi-, 
as compared to the pathwa> involving flavins and the cytochromes 
le presence of copper m some nictalloflavoprotems has been men- 
tioncff previously (cf p 345), the cnzvmc uncase IS also believed to 
he a copper-containing jirotcin 

A general point of some interest in regard to the Known metal 
contaujing oxidases is that the processes catalyzed by various members 
o tus gioup of cnzjmcs may involve different modes of reaction of 
mo ecu ar oxygen Tims, in the oxidation of a phenol to an o-diphenol 
( 0 g , yrosine to dopa") by Oj, 1 atom of tlie Oj molecule is added tc 
or-r+ tiie other is reduced to water 5H + 0- + 2e + 
^ HjO Tins process may be contrasted with tliat cata- 
>zc )j a nif tal-containing oxidast such as cytochrome oxidase, here 
both oxjgen atonic art reduced to vvatti by the transfer of 4 electrons 


A ^ ^ Btol Chem , 191, 1 H (1951) 

Bn^ ^ ^ Morgan. J, 38, 10 (1944) 

vaw'l Map9onandE M Moustafa, ^locAem 7,62,248 (1956) 
s Ma^on, Science 125 , 1185 (1057) 
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plnrin, thus far, no non-ammo acid organic constituent has been 
identified as a component of these enzjmcs TVhen a highl> purified 
preparation of poh phenol oxidase (from potatoes) is diaUzed against 
a 0 01 i\f c>anide solution, the copper is rcmo\ed, and the remaining 
protein is inactive as a cataljst, if the copper ion is restored, the 
cnzjmic actnitj is again demonstrable** In the oxidation of a poh- 
phenol such as catechol to the corresponding qiiinone, the cupric form 
of the enzjme is reduced to the cuprous form, and this, in turn, is reoxi- 
dizcd bj oxj gen 


2Cu‘+ + 



Cotechot 


2Cu*- + 



+ 2H+ 


o-<J\iinonc 


2Cu+ + 2H+ + IO 2 2Cu2+ + HaO 


MonophenoU are also oxidized in the presence of the cnzjmc, but 
the reaction is slou probabH because of tlie ncccssitj for tlic formation 
of a small quantlt^ of the corrc'^ponding o-diphcnol which causes a more 
rapid oxidation of the monoplitnol Extensive studies bj Raper'"' 
showed that the fir^t product of the action of po]> phenol oxidise on 
L-tjrosinc was tlic corresponding diphcnol 3,4-{lih\drox>-L-phcn\l- 
ihninc (dopa) Tlic further cnzMuic oxidation of this diphenol loads 


OH OH 



I I 

NHsCHCOOH MlsCHCOOH 


i,T\fw*inc 3 4 Dihj <1 rt}*) !.• 

plt^njiiUnine 

to the formation of the corresponding o-qumone winch undergoes a com- 
plex series of rc ictions to form highU insoluble dark jugment'? termed 
mclamne Since i-ljro-ine 1- a imtunl s^jijsiratc for the poljplicnol 
oxidi-L of pot1toc^, this oxidative procc-« senes to explain the clnr- 
nctcn-tic hlickening of cut r\w potatoes on expo'-ure to air Melanin 
formation is nho obscrvctl in aniinil-, hen, m addition to polj phenol 
nxida-p, another cnzvmc, termed “dopi oxidise,” ln« been identified'"'’ 
\Uhouglj It has birn suggested tint, m higher plants, the polvphenol 

*‘1 Kut.owitj Itinchcm 7 299.'tt(lfOS) 

'■''H s ll-iicr /*;.v i»f Am 11.21. tUSS) 

*'*' A II Ixrmrclnl J Ifiot Chem 1117.793(11^) 
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Coupled 

Enzyme-Catalyzed 

Reactions 


Although mdnidual enzymes be studied as separate entities, it 
should be recognized that within a living cell they do not act inde- 


pendently of one another In general, the linking of separate enzyme- 
catalyzed chemical reactions is made possible by the utilization of a 
product of one reaction as a substrate m another reaction Such linking 
or ^‘coupling” of cnzjme-catalyzcd reactions is perhaps the most distinc- 
tive biochemical attribute of living matter It ttiJJ be evident from the 
previous discussion that tlic specificity of the individual enzjmes deter- 
mines the nature and rate of a coupled reaction sequence The spccificitj 
exhibited in such linked reactions is therefore even more sharply defined 
than that of each mdiv idual reaction The morphological distribution of 
the component enzymes and substrates in a living cell will also influence 
the direction and pace of linked reactions Clcarlj, if a given enzyme 
is localized in the nucleus of a cell, and another enzyme is localized m 
certain formed elements (eg, mitochondria) in the cytoplasm, it is 
unlikely tiiat tiie two biocataljsts will participate in a coupled reaction 
The last factor is of obvious importance in assessing the possible physio- 
logical role of a coupled reaction artificially created m vitro by the 
combination of two enzjme-catalyzed reactions In a sense, therefore, 
the knowledge of the component enzymes of a cell and the study of their 
properties in purified form are necessary but not ultimate steps in the 
understanding of their physiological role When a biochemist mixes 


several purified enzymes in an attempt to reconstruct the catalytic appa- 
ratus within the living cell, he is proceeding from an analysis of th® 
enzymic composition of the cell to a sjmthetic approach However, the 
results of such artificial sjntheses can onl> serve as working hypotheses 
which ultimately must be tested with the living cell or with intact cellular 
structures (nuclei, mitochondria, etc ) as the experimental material 
An outstanding example of a coupled sequence of enzjme-catalyze 
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\nd the -iddition of 4 protons O 2 + 4c + 4H+5±2H20 As be 
•seen in Chapter 32, a third t\pt of reaction m\ohmg Oj is catalyzed 
bj enzymes (homogentisic icid oxida'-c, protocatcchiiic acid ovidase) 
l)chc\ed to bo metal-proteiu'' in tln.se icaetions, both atom‘5 of the Oo 
molecule appear to be added to the substrate 
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fact that the scheme describes a steady-state system that has been 
shown to be reversible 

If one accepts tlie values m Table 1 as a basis for further discussion, 
it will be seen that the total free-energy change (ca -—SO kcal) in the 
transfer of 2 electrons from DPNH to an oxjgcn atom is effected in a 
senes of excrgonic steps When suitable coupling mechanisms are avail- 
able, the energj' released in some of these steps maj be used to drive 
endergonic reactions As will be seen later in this chapter, the aerobic 
oxidation of DPNH and of succinate bj In er mitochondria is coupled to 
the phosphor^ lation of adenosine dipliosphatc, an endergonic process In 
considenng the values for AP given in Tabic I, it should be remembered 


Table 1 Stepv/jse Electron Tranifer from DPNH to Oxygen 


Oxidation- 

Approximate 


AF'm (pH 7) per 

Reduction 

Fo' (pH 7, 30“ C), 

AE^'CpJl 7). 

Electron Pair, 

System 

volts 


volts 

kcal per mole 

DPN system 

-0 3 1 


-f-0 2 

-93 

Fhvm system 

-01 j 

I 


+0 1 

-4G 

Cytochrome b 

00 

1 

+0 25 

-11 6 

Cytochrome c 

+0 25| 

( 

+0 05 

-2 3 

Cytochrome a 

+03 j 

1 

+0 5 

-231 

Oxygen 

+0 8 ' 

1 






+1 1 

-50 8 


that thej suggest onl> the magnitude of the energy change in each step 
of the postulated sequence of electron transfer, they do not give infor- 
mation about the manner m which the liberated energj maj be used 
to drive endergonic processes Such transfer of energy can take place 
onij through well-defined chemical intermediates, and specific enzymes 
must be av'ailable to catalyze the formation of such intcrmcdiAtes An 
important task of biochemistry has been, and continues to be, the eluci- 
dation of the nature and function of intermediates that link cxergonic 
oxidation reactions to endergonic processes , 

The manner in which tlic energy released in an enzyme-catalyze 
exergomc process may be transferred, m a coupled reaction, to an en- 
dergonic process is strikingly illustrated by the studies of Meyerho» 
Needham, and Warburg on the mechanism of the oxidation of glyceraide 
hyde-3-phoiiphate to 3-phosphogljcenc acid m yeast or muscle extracts 
In 1937 Meyerhof and Needham independently found that for every 
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reactions, localized in an intracellular component, is the aerobic oxidation 
of metabolites bj h\ or mitochondria Assho\\nbj electron micro^^copj, 
\\hich permits magnifications up to about 100,000 diameters, mitochon- 
dria possess a distinctne structure, characterized b> a double membrane 
and by striking internal lamination* * IMien li\er is ground carcfullj 
(“homogenized”), and the resulting mixture of intracellular particles 
(nuclei, mitochondrn, microtomes, etc) is separated as well as possible 
by fractional centrifugation the succinoxulase sjstom is found to be 
associated nith the mitochondrial fraction (of p 358) Mitochondria 
also arc able to perform the aerobic oxidation of man> metabolites (e g , 
jS-hjdrox> butyrate) that react with a p>ridine nucleotide in deludro- 
gcnase-catalyzod reactions It is generally agreed that these aerobic 
oxidations are performed h\ an nrganizod catahtic unit which is present 
in mitochondria and which comprises the enzymes required for the 
coupled electron transfer from DPXH to oxagen 
It is not yet possible to specify coinplctcla the nature of the electron 
carriers and catalatic proteins inaohtd m tiic aerobic oxidation of 
succinate or of DPNH b\ liacr initocliondna (cf p 359) Enougli is 
known, howc\cr, to justify the assumption that the "cqucncc of electron 
transfer maoUcs a flaain system and cytochromes b, c, a, and a^ The 
pathway of electrons from a metabolite (AHj) to O 2 may bo represented 
as shown m the accompanying diagram, where the oxidized flaam is 



denoted F If it is assumed that the oxidntion-rcduction jiotcntials of 
the electron earner s\ "terns witlnn the mitochondria are not aery dif- 
ferent from the r»' aalucs for the i‘>olatc<l «y "terns, this scheme indicates 
that the «oqucncc of eUctron transfer proceed" through steps of succcs- 
''lacla more po"ituc piitcnlial In Fable 1 are guen the approximate 
'allies of ^Ln' (/dl 7, 30'’C) for the scacral suctc"‘=i\c steps hetween 
npXII and O 2 together with the anlucx of A/' (cf p 301) calculated 
from lhc"c difTcrcncc" in potcntiil It «hould be cmpha«izcd that "uch 
a""umption" about the ni igmtudc of the potential" of intracellular oxida- 
tion-ridiKtion sa"ttui" an fraught witli unccrtamla, l)ccau=c of factor" 
’‘iich av the cITcct of binding ha catnlatic protein" (cf p 301), and the 

*0 I Pnlulf m O II Oictjhr tmM »/ ‘'friirltirr itiu{ hincltoii, 

Vrveirmic I’rov" N(\s \ork 19*** 
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reactants except H+ m their standard states The reverse reaction, the 
h>drol>sis of ATP, would therefore be accompanied by a AF'293 of about 
— 12 kcal per mole 

Although the value of — 12 kcal for the aF' (pH ca 7 5) in the hydrol) 
SIS of ATP was long accepted as a basis for the calculation of energj 
relations in biochemical processes, it is probably incorrect The uncer- 
tainties in the experimental determination of equilibrium concentrations, 
and in the calculation of AF'^ AF'^, serv'c as a warning against the 
ready acceptance of free-energy values obtained m the manner described 
above, and underline the need for accurate thermodynamic data for sub 
stances of biochemical interest A critical evaluation of some of the data 
available in 1952 was made by Burton and Krebs,^ whose paper deserves 
careful study 

Because of the importance of ATP as a participant in many bio- 
chemical reactions, there has been mucli interest in the magnitude of 
aF' (pH ca 7 5) for its hjdrolyais to ADP and inorganic phosphate 
The value of about —12 kcal, cited above, had also been derived from 
a calorimetric determination of A// and the assumption that AS is 'crj 
small (cf p 241) However, more critical studies of the cnthalp> change 
in the hydrolysis of ATP (cf p 228) have shown that A//sd3 (p^ 
about —5 kcal, a value much lower than that accepted prcviouslj Fur- 
thermore, recent estimates of aF' for the h>drol>sis of ATP, derived 
from equilibrium studies analogous to those of Mejerhof but with dif* 
ferent cnzjme-catalyzed reactions involving ATP, have given values 
of about —9 KcaP and of —8 kcal® Consequentlj, the magnitude of 
the free-energy change in the hydrolysis of ATP is uncertain at present, 
although it is extremel> probable that the frequently assumed value of 
— 12 kcal IS much too high, and that the correct value is near —8 kcal 

Despite the uncertainty m the values assigned to aF', AF'j, aFsj 

and aF's in the coupled reaction catalyzed by glyceraldehyde-3-phos- 
phate dehydrogenase and ATP-phosphoglj cerate transphosphorjlasc, it 
IS clear that 1,3-diphosphoglyccric acid fulfills the role of an internie 
diate that makes possible the transfer of energj from an encrgj-jieldmg 
oxidation to energy-requiring processes In this coupled reaction, the 
energy made available by the cxergonic oxidation of glyceraldehjde*3 
phosphate to 3-phosphoglj ceric acid is utilized, in large part, to drive 
two endergonic reactions, the reduction of DPN"^ and the phosphorj a 
tion of ADP As will be seen from the discussion of the pathwajs 0 
carbohjdratc metabolism in yeast and m muscle, the energy put into 
the DPN and ATP systems is available for other coupled reactions For 

4 K Burton and H A Krebs Biochcm J,S4,M (1953) u >. 1 , m 

5L Levmto^ and A Meister, J Biol Chem, 209, 265 (1954), E A Robbi 
and P D Bojer ihid , 224, 121 (1957) 
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molecule of aldehjde oxidized to the icid there v\as a concomitant con- 
version of one molecule of adenosine diphosphate (ADP) to adcno'ine 
triphosphate (ATP) It vill be recalled that, \\hen thaenzjmic oxida- 
tion of gIvccraIdeh\de-3-phosplmte occurs in the presence of inorganic 
phosphate, tlie product is 1,3-diphosphoglvcenc acid (p 324) The 

Reaction 1 



GIyceraIdehyde-3-phosphatc 
+ phosphate 


+ DPNH ^ 1 3-Diphosphoglycene 

acid 


ADP 


S-Phosphoglycenc acid ' ^ ATP 
Reaction 2 

diphosphoglj ceric acid then reacts with ADP m another cnzjme- 
cataljzcd reaction to form 3-phosphog!\ccric acid and ATP, the reaction 
m\oUcd is a transpliosphoi>!ation, and the enzMne that catalyzes it 
ma> be termed ATP-phosphogIvcorato transphosphorj la«c or phospho- 
gljpcratc kina<o- The coupled n action max be written as shown 
Me>crhof determined the concentration* of the reactants at equilib- 
rium (pH 7 8, 20*0 and found that 

. ■ = 3 X lO"* 

From this x aluc for tlic ratio of cquihbniim concentrations, the frec- 
cnergx cliango AF' was calculated to be —4 7 kcal,'* this \nluc refers to 
the reaction with all reactants except the h>drogen ion in their standard 
states (cf p 230) For the purpose'- of thermodj namic calculations, the 
coupled reaction max be consulcrcd to he the composite of three proc- 
esses (1) the reduction of DPN'*' to DPNII, (2) the oxidation of 
glxccraldeh>dc-3-phosplmU to 3-pho-phogl\ ceric acid, (3) the condensa- 
tion of ADP and pho-phntc to form ATP Mexerhof attempted to cal- 
culate the magnitude of A/' for proce^-. (3) bj means of the rclation‘-hip 
A/' -A/ j -f aF's 4- Af't where the subscripts refer to the partial 
rcictions indicated abo^c From a xaluc <now known to be incorrect) 
of /• „' for the DPN “-x "tein, A/ j was c ilcul itid to be about + 13 "i kcal, 
'Uid b\ means of sever il I'-'-umptions Af « w i- e^timited to be —30 1 
ke il Tims — 4 7 - + 13 'i — 30 1 t Af S, giving a x aluc of 4- H 9 kcal 
for the reaction ADP*' 4 - IIPO 4 - + II*”— ♦ V1P*~ 4 - IloO, with all 

•T Iliichrr /JmWiiMi 1 1 }hf‘pfni^ Acffl, 1« 2^2 (1^17) 

50 M(>trIiof tun X 1 Acnd 15,377 (1911) 
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As noted abo\e, the phosphorylation of glucose by ATP is a stronglj 
cxcigonic icaction, ^Mth the equilibrium far m the direction of the for* 
mntion of glucose-6-phosphatc Similar equilibria apply to transpho« 
phorjlation reactions in ^hich phosphate is transferred from ATP to an 
aliphatic lijdroxjl group in compounds other than glucose Several 
cnzjmc-catalyzed reactions arc known, however, in which tlie transfer 
of phosphate from ATP is not excrgonic One example is the reaction 
3-Phosphoglyccrate3“ + ATP^" ^ 

l,3-Diphosphoglyccrate*“ + ADP^- 

(cf reaction 2 in the diagram shown on p 373) The standaid free 
energy change (at 25® C) for this reaction has been reported to be 
-f 4 8 Ivcal Hence, if the value of —8 kcal is assumed for AP' (pH 75) 
in the hjdroljsis of ATP to ADP and phosphate, the corresponding value 
for the hydroljsis of l,3-diphosphogl>ceric acid to 3-phosphogljcenc 
acid and phosphate is about — J3 kcal per mole Another example of a 
reaction in which phosphate transfer from ATP is not accompanied b) 
a negatuc AP' is the reaction of creatine with ATP to form creatine 
phosphate (p 379) and ADP, this reaction is cataljzed by the cnzjroe 
ATP-crcatine transpliospliorylase ® aP (pH 7 5) for the reaction 

Crentino+ 4- ATP^“ ^ Creatine phosplmtc" + ADP^" + H'*' 

has been estimated (from equilibiium studies) to be about +3 kcal, 
giMng a value of aF' of about —11 kcal for the hydrolysis of creatine 
phosphate to creatine and phosplmtc, again assuming a ^alue of —8 kcal 
for the hydrolysis of ATP 

It should be added that tiic hjdrolysis of ADP to adenosine mono 
phosphate (AMP) and phosphate appears to Im\e a aF' value similar 
to that for the hjdrolysis of the terminal pj rophosphatc bond of ATP 
Tins IS suggested by the fact that in the transphospliorylntion reaction 
catalyzed by the enzyme myokinasc 

2 ADPS- AMP2- + ATP4- 


the equilibrium constant is not far from unity 
Coupled enzjme-catalyzed reactions arc known in which the conver- 
sion of ATP to ADP and phosphate is linked to the synthesis of tiiiol 
esters of coenzjme A (p 206) For example, the coupled process 


Acetate- + CoA + ATP* - Acctyl-Co A + ADP^- + HP04-"' 

has a AF' of about zero It may be concluded therefore that AF' (pH 7 5) 
for the hydroljsis of acetvi-coenzyme A to acetate and coenzjme A is 
approximately the same as that for the hjdrolysis of ATP to ADP and 


os A Kub> et al, y Bwl Chem, 20% 191, 210, 65, 83 (1954) 
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ex-imple, m jeast, DPNH is reoxidired to DPK'’' b> acctaldchjde, in 
the presence of alcohol deh> drogenasc, and ethanol i** formed (cf p 476) 
Similarly, m muscle extracts DPNH is reoxidizcd to DPN+ in the bi- 
molecular reaction catalyzed b\ lactic dehjdrogenase, and pjru\ic acid 
IS reduced to lactic acid (cf p 490) 

Adenosine triphosphate participates in a xarietj of biochemical proc- 
esses in 't\hich the energy acquired in the coupled reaction discussed 
abo\e can be used for chemical work For example, in the presence of 
the enzyme hcxokinase, ATP can phosphor\late glucose to form glucose- 
6-phosphatt in the reaction 

Glucose + ATP^~ ^ Glucose-G-phosphate^- + ADP®- + H+ 


The equilibrium in this reaction is far to the right, and the magnitude 
of the free-energ} change ma> be estimateil bj considering the trans- 
pho'jphorvlation as composed of (1) the IndroKsis of ATP to ADP and 
phosphate and (2) the condensation of glucose and inorganic phosphate 
to glucosc-6-phosplnte and water ic, the rc%crso of h>droljsis The 
iF' of the latter process has been estimated to be about +3 kcal per 
mole® If aF' for the hjdrol>sis of ATP is assumed to be —8 kcal per 
mole, the standard free-cnergx change at pH 7 5 and 20® C equals 
(-1-3 — 8), or about —5 kcal per mole This t>pc of calculation is per- 
mitted b> the nature of tlu thcnnod>namic dati, and should not be 
interpreted to mean that, m the transp)lOiphor^ lation reaction, there 
occurs a hjdroljsis of ATP, followed b> a condensation reaction to gi\c 
glucose-G-pho«‘phate Howc\cr, all such calculations sliould be made 
with due regard to the uncertaintic** in the aaailahlc frcc-encrg) data 
In addition to rok in the phosphorv lation of glucose, ATP par- 
ticipates m inana other transphosphorj latum reactions^ Some of these 
will bp discussed later m connection with the met iholi-m of cirboha- 
drates, of lipuU, of ammo at id", ami of nucleic acid® The role of ATP 
m the hiosjnthcMs of p^^dmc nucleotides and of fla\in nucleotides was 
mentioned prcMOu«h (cf pp 310, 3351 Another example of the '^jn- 
thcsi«! of a “cotnzMuc from a Mtaimn is the biochemical conversion of 
p>ridoxnl (Mtanun Bc» Chvptcr 39» to pjridoxal phosphate in tlic pres- 
ence of ATP ® 


CHO 
I 

CIIv 


cno 


OH 

on 

*0 Mp\( rhot ami II Grrfn J Chrm 170,6^5(1019) 

P Colowirk m J P ‘-ummr ami K ^I^*Tb•l^k The /ntymr*. Chapter -16 
Amip mir Pri «« New Xork P*! 

IlunMtt J llinl C /,fm.203,«tt5(ia'.3) 



378 


GENERAL BIOCHEMISTRY 


acid \^ere termed “cnergy-nch” or “high-cnergy” phosphate bonds This 
di^tmction %\as extended to include bonds in \Nhich a phosphorjd group 
^\as not a participant, for example, the peptide bond linking two ammo 
acids was considered an “energy-poor” bond (AF'=*ca —3 kcal), 
and the thiol ester bond of acetyl-CoA an “cnergy-nch” bond 
(aF' “ ca —8 kcal) These views were advanced at a time when the 
\alue for aF' (pH 7 5) for the hydrolysis of ATP was believed to be 
about —12 kcal per mole, and most of the values of AF' for the lijdrolj 
sis of other compounds having “encrg>-rich” bonds liad been calculated 
from equilibrium data b> means of this figure The more recent rccog 
nition that the \ aluc of aF' for the hydrolysis of ATP is probablj much 
lower than —12 kcal (cf p 374) has narrowed the gap between “energ> 
rich” and “cncrg>-poor” bonds Furthermore, calorimetric studies of 
some reactions usually considered to involve the hydrolysis of “energy- 
poor” bonds (eg, the hydrolysis of a CO — NH linkage) gave A/Z^gg 
values of about — G kcal,'"* and similar A// values were found for the 
hydrolysis of “cnergy-rich” pyrophosphate bonds, suggesting that a 
sharp line of demarcation between “cncrgy-pooi” and “energy-rich" 
bonds docs not exist 

Among the “energy-rich” phosphate bonds were listed not only tlie 
pyrophosphate bonds of ATP, but also those of other pyrophosphate 
compound's, including inorganic pyrophosphate Like 1,3-dipliospho- 
glyceric acid (p 324), acetyl phosphate (CH3CO— OPOi^") may 
considered to have an “energy -rich” carboxyl phosphate bond A third 
type of compound having an “cncrgy-nch” phosphate bond is the phos 
phate ester of an enol, as in phospbocnolpyruvntc, the hydrolysis of this 
compound is strongly cxergonic, having a aF' (ca pH 7 5) of about 
— 13 kcal per mole (assuming —8 kcal for the hydrolysis of ATP) 
PhosphoenolpyruMc acid is formed from 2-pliosphoglyccnc acid by a 
dehydration reaction catalyzed by the enzyme cnolase (cf p ^72) 


COOH COOH COOH 


HCOPO3H2 : l 5 ? COPO3H2 15 ? 0=^0 + H3PO4 


CH2OH CHz CHa 

2-Phospboglycene rttcyphoenolpyruvic Fyruvfe 

ftcid «ad 


Other “energy-rich” bonds are the phosphoamide linkages in creatine 
phosphate and m arginme phosphate, tliiol ester linkages (RCO SR / 

KJ M Slurtcvant.J Am Chem Soc, 75, 2016 (1953) 

S Ging and J M Sturtp>ant, J Am Chem Soc, 76, 20S7 (1954) 
icp Lipmann, Advances tn Cnzymol, 6, 231 (1946) 
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phosphate Another enzyme-catahzed reaction, of general importance 
in intermediate metabolism, and imoUing cocnzjme A, is the process 
Succinate-" + CoA + ATP^- 

Succin\l'CoA" + \DP3" + HP 04 -~ 

The equilibrium constant in the direction shoi^n uas found to be about 
03, corresponding to a aP' (pH 74) of about +0 7 kcaP‘ Thus the 
reverse of the tno reactions uritten abo\c, invohing the clcaiage of 
acetjl-CoA or of succin 3 l-C.o\ proMdcs mechanisms for the generation 
of a pyrophosphate bond of ATP As will be seen liter, these two thiol 
esters of coenzyme A ari'-c bj the o\idati\e decarboM lation of pjruaate 
(cf p 481) and of a-kctoglutarate (cf p 505) rcspcctu eh , and therefore 
represent additional intermcdiatcb that link c\crgonic oxidation reactions 
to the endergonic phosphor\lation of ADP 
Because of the manifold biochemical reactions in\oKing the p\ro- 
phosphate bonds of ATP, and their s>ntliesis in coupled reactions drnen 
bj e\crgonic oxidation processes, it max be said that ATP serxes ns a 
“funneling agent" of cnergj from biological oxidations to a xanet> of 
important metabolic processes In addition to tlic reactions mentioned 
aboxe, and the manx others that will be encountered m later pages of 
this book, It ma> be noted, foi example, that ATP appears to participate 
in the biological transformation of chemical energx to electrical energx 
Thus Nachmansohn‘- has shown that the disciinrge of clectncitj b> the 
electric organ of the fish Electrophorui, clectncus is related to the hxdrolj- 
sis of acetjlchohne (p 275) which rc«>ntbe«izcd from choline and 
acetate in a chomicil prociw riquinng the presence of ATP and 
cotnzxme \ 

“Energy-Rich" Bonds In the foregoing discussion of the tqiiihhna in 
tran‘-phosphor> lation reaction*? inxoKing VTP, it was noted that the 
reported x allies for A/' (ca pH 7 5l of hxtlroKsis of phosphate esters 
such a*? gluco'-t G-jihO'j)h ite fill in the range — 2 to — 4 kcal jicr mole, 
whereas the x ilui" for tin hx ilrolx "i** of '-u-bt uiccs ‘?uch a*- ATP, 
l,3*dipho'pboglx ceric acul rrt itine pho'-plnte, or tcetxl-coonzxme A 
arc probablx in tlic r ingi —7 to — IT krai per mole Some xears ago, 
it was «uggt-‘tcd'^ tb U a di-tinctioii be luidc between bond*? wiiO'C A/' 
of hxdroK'-is fill into tlu-e two groupv of xaluL'-, the pbo-plmte cstcr 
bond (d ^ub^tance'■ •‘Ueli a- gluco-c-O-pbo'pb'ite wa*- de-ign itcd an 
‘ eiurgx -poor" or "low-tnergx ’ plio^ph itc ImukI tnd the px roplio'phnte 
buniK of \1 P or the ? irboxxl phosphite liond of 1 3-dip!iO'i)bogI}Ccric 

‘"K Biirurn Utoch.iu J 59 U (IO»5) 

Knufnnn nnit ^ G \ Moi xto« J Ihol f hem 216 141 (1955) 

•5 I) Nnrliimiwdin llan cv l/’etuu* I9»57(l*l^) 

F 1 itimnnn /l</inricrs in Fn*ymot 1 *>9 (injl) 
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acid ^^erc termed “cnergy-nch” or “high-energy” phosphate bonds Thi' 
distinction was extended to include bonds in \\hicli a pliosphorjd group 
^\as not a participant, for example, the peptide bond linking Uo araino 
acids ^\as considered an “energy-poor” bond (aF' = ca —3 kcal), 
and the thiol ester bond of acct 3 l-CoA an “cnerg>-rich” bond 
(^F' = ca —8 kcal) These views were advanced at a time when ttie 
^aluc for AF' (pH 7 5) for the h>drolysis of ATP was behc\edtobc 
about —12 kcal per mole, and most of tiie values of aF' for the hydroh 
SIS of otlicr compounds having “cnergy-nch” bonds had been calculated 
from equilibrium data hy means of this figure Tlic more recent recog 
nition that the value of aF' for the hydrolysis of ATP is probabl} much 
lower than —12 kcal (cf p 374) has narrowed the gap between “encrg> 
rich” and “energy -poor” bonds Furthermore, calorimetric studies of 
some reactions usually considered to invohc the hydrolysis of “energ) 
poor” bonds (eg, the hydrolysis of a CO — NH linkage) gave aHjos 
values of about —6 kcal,*'* and similar A// values were found for the 
hydrolysis of “energy -rich” pyrophosphate bonds, suggesting that a 
sharp line of demarcation between “energy-poor” and “energy -neb 
bonds does not exist 

Among the “cnergy-nch” phosphate bonds were listed not only the 
pyrophosphate bonds of ATP, but also those of other pyrophosphate 
compounds, including inorganic pyrophosphate Like 1 , 3 -(liphospho- 
glyceric acid (p 324), acetyl phosphate (CH 3 CO— OPOa®") may be 
considered to liave an “cnergy-nch” carboxyl phosphate bond A third 
type of compound hav ing an “cncrgy-ncli” phosphate bond is tlie phos 
phatc ester of an enol, as m phospliocnolpynivatc, the hydrolysis of this 
compound is strongly cxcrgonic, liaving a AF' (ca pH 7 5) of about 
--13 kcal per mole (assuming —8 kcal for the hydrolysis of ATP) 
PhosphoenolpyniMc acid is formed from 2 -phosphogly ceric acid hy ^ 
dehydration reaction catalyzed by tlio enzyme cnolase (cf p 472) 


COOH COOH COOH 

HCOFOsHj COPO3H2 C =0 + H3PO4 


I 

CH20H 


II 

CH2 


3H3 


2 Phosphogl}cenc PbowboenolDVruvie Pyruvic 

«:»<! •od 


other "energy-nch" bonds arc the phosphoamide linkages in 
phosphate and in arginine phosphate, thiol ester linkages (RCO— SB' 

»J M Sturlcvant J Am Chem ioc , 75, 201G (1053) 

IHN S Gmg anilj M Sturtoiant, J Am Chem 5 oc, 76 , 2037 (1954) 
Lipmann, Adianees m Emymal, 6, 231 (1916) 
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NH— PO3H2 

I 

G=NH 

I 

CHj— N— CH2COOH 

Crpatifte vhosphAle 


NH— PO3H2 

I 

C=NH 

NH 

(CH2)3 

( 

NH2— CH— COOH 

Arginine pho phate 


as in acetjl-CoA or S-acetjlglutfttluone (cf p 479), and acjl imidazole 
bonds as in N-acGt>hmidazole (cf p 67) 

The reUtuclj large negatne frce-energ\ change in the h 3 drol>‘>is of 
the various ‘'cncrg\-rich'’ bonds has been attributed to an increased 
"resonance stability " of the products of hadroljsis, and to electrostatic 
repulsion between the groups joined b> the ' encrga^nch” bond If one 
considers the hjdroljsis of a carboxji phosphaU, the resultant car- 
boxylatc ion ma> be written cither 



The actual electronic configuration of the carbo\>latc ion is interme- 
diate between these two possible structures, the resulting "resonance 
li>bnd’’ is more stable, 1 e, it is at a lower cnergv ]c\c], than cither of 
the two forms written abo%c‘* In a similar manner the phosphate ion 
formed on hjdroljsis ma> be considered as being stabilized ba resonance 
unong a number of electronic configurations wlncii contribute to its struc- 
ture In tlic carboxyl phospliatc group, Iiowe\cr, sucli stabilization be- 
comes impossible bccau'-c of the mcoinpatibiIit\ of complete rcconanco 
in the constituent carboxjl and pho&phatc residues For further discvic- 
sion of the role of resonance m the dctcnnmation of the properties of 
the compounds with "energj -neb" phosphate bonds, «cc the articles bj 
Kalckar and b> Oesper 

Although the term "cncrgA-rich bond" has been applied to 1 linkage 
^ho-c hjdrohtic clca\ngc is. accompanied bj a Af ' (ca pll 7 5) of about 
— 10 kcal per mole, it i** important to recognize that tlic cnergj change 
depends on the structure of the compouml that i"- Indrohzed, and of 
the Products of h^drolJ‘-ls Some hioclicniiots refer to an ‘‘cncrg\-nch" 

L IIill ami I J Am C/ir»n Bne 73, 1C.>0 (19)1) 

u* C, \\ Uliehn<k Hc^nnnnce «»» Orgnmr Chtmx^lry Jolm \\1lr5 Nrw 

lOoT). 

M Kalckar C/,cm Ilrx^ 2« 71 (I9U) Ann \ 1 tend Scx . t3, 305 
(lOtt) I» OL-pcr,drf;. lUnchrm 27,2i»(1950) 
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bond by placjng a “unggle” bet^\ecn the atoms it is considered to join 
(eg, ATP = adenosinc-P~-P^P), but the use of tins symbol maj gi\e 
the misleading idea that the cnergj released on h>drolysis is concen 
trated in one clicmical bond Furthermoie, v.ith some compounds who e 
hjdioljbis appeals to be accomp«anicd bj a rclatncly laige negatne Af', 
it is difficult to specify the “energj-nch” bond, evamples are tlie diacjla 
midcs and sulfonium compounds 

RCO— NH— COP + H 2 O 31CO— NH 2 + HCOOH 

n-i—R' + OH- K— S~R' + ROH 


R 


It should be added that the term "bond cnergj" as used by some 
biocliemists in connection with “cncrgy-rich” and ‘‘energj'-poor” bonds 
has a meaning different from "bond energy” as defined in physical cheni 
istrj , where it refers to tlio mean AH* required to break a bond between 
2 atoms Thus the bond energy of the 0 — H bond ib 110 kcal per mole, 
and that of the C — C bond is 58 kcal per mole, more energy is required 
to break the 0 — H bond 

Some of tlic compounds tliat contain pliosplinte bonds whose hjdroI>&is 
IS accompanied by largo negntnc aF' are extremeJj unstable in acid solu- 
tion The pyrophosphate bonds of ATP are clea\ed by brief treatment 
witli N hjdrochlonc acid at 100* C, the N — P bonds of creatine phos- 
phate and of arginine phosphate are oven more sensitive to acid, and 
tlio carboxyl phosphate appears to be still more labile It will be recalled, 
howe\er, that tlio magnitude of the froe-energj change in a reaction (at 
a gnen pH and temperature) docs not guc information about the rate 
of the reaction, this is determined bj the cnergj of actn ation under the 

conditions emplojed (cf p 205) The stability of compounds contain- 
ing "cnergj -nth" bonds varies greath, depending on the conditions of 
hjdroljsis Foi e\ample, whereas phosphoamides are stable in alkali 
and cxtremclj acid-Iabilc, thiol esters such as acctyl-CoA arc relati^el) 
stable at acid and neutral pH values, and are rapidly hydrolyzed m 
alkaline solution 


Phosphorylation of ADP Coupled to Electron Transport As noted 
before, 3,3'dipliosphogljccnc acid serves as an intermediate m linking 
the exergonic dehydrogenation of a metabolite (glyceraldehyde-S-phos- 
phate) to the endcrgonic phosphorylation of ADP to form ATP Sue 
coupling of the oxidation of a metabolite to the generation of pyrophos- 
phate bonds IS sometimes termed “substrate-linked phosphorylation , 
another example is the phosphorylation of ADP coupled to the oxidative 
decarbox'j lation of pyruv'ate or of a-kctoglutaratc However, in aerobic 
cells these mechanisms of oxidative phosphorylation of ADP are responsi 
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NH—POiHi 

(!;=nh 

I 

CH,— N— CHjCOOH 

CreatiM phosphate 


NH— POjHj 


C=NH 

I 

NH 


(CH2)3 


NH2— CH— COOH 


Atginine phosphate 


as m acetjl-CoA or S-acetjIglutathione (cf p 479), and acjl imidazole 
bonds as m N-acet>hmidazolc (cf p 67) 

The relatuclj large negatne frcc-cncrg> change m the hjdroljsis of 
the -various "energ-v-nch” bonds has been attributed to an increased 
"resonance stabihtj" oi the products of hjdroljsis, and to electrostatic 
repulsion between the groups joined b\ the ‘cnerg\-nch” bond ” If one 
considers the hjdroljsis of a carbo\>l phospii.ate, tlie resultant car- 
boxj late ion may be w ntten either 

0 o- 

II I 

— C— 0- or — C=0 


The actual electronic configuration of the carbowlatc ion is interme- 
diate between these two possible structures, the rovulting "resonance 
hybrid" is more stable, le, it is at a lower energy level, than either of 
the two forms written above In a simihr manner, the phosphate ion 
formed on hydroh^is may be con'^idered as being stabilized by resonance 
among a number of electronic configurations winch contribute to its struc- 
ture In the carboxyl phoaphate group, however, '•uch ‘•tabihzntion be- 
comes impossible because of liu incompatibihtv of complete resonance 
in the constituent carbowl and phosphate residues For further discus- 
sion of tiic role of resonance in the determination of the properties of 
the compounds with "cncrgv-nch" phosphite bomb, see the articles by 
Kalckar and by Oesper'® 

AUhougli the term “cncrgv-nch iHind" In'- been applied to a linkige 
who'c hvdroly tic cleavage IS accompanied by aAr'tci pll 7 >) of about 
— lO kcal per mole, it is import mt to recognize tliat the energy change 
depends on the structure of the compound that i* hvdrolyzed, and of 
tiie products of hydrolvAi*' Some biochemists refer to an ‘ cnergv -rich" 

’*T 1 Ibil nn<l M 1 Morilc'* J Im Chetn 'vie 73, IGoG (1*151) 

t\ t\lioKn»l in OeVftnte Chrmi*(rif John V\ ilri A. ''on» Now 

^ork IOkI 

M Kfilcknr Chrm Aot» 2«, 71 (1011) twn \ 1 Icmf ‘roi , 13,395 
(tail) p Oc'»i>f'r, troll Jli»olio77» 27,3 j.> (1^30) 
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P/0 values of about 2 6 for this oxidation, under condition* vrhich 
favored the penetration of DPKH into the mitochondna, and in which 
the ATP was trapped b> means of the hexoVinasc-eataljzcd reaction II 
^-hydroxybut>rate was used as the electron donor, a similar P/0 ratio 
was obtained, indicating that the coupled phosphorylation was associated 
with the oxidation of endogenous DPNH bj Oo The use of ^-hjdrov)' 
butyrate as a substrate for studies of oxidative phosphoiylation b> Uvei 
mitochondria has the advantage that the product of its enz>mic dchjdro 
genation, acetoacetate, is not metabolized further m this system The 
finding nf a P/0 ratio greater than 2 has been interpreted to mean that 
the actual value is 3, and the lower experimental figure is attributed 
to the partial loss of ATP bj hydroKsis The P/0 value of 3 in the 
aerobic oxidation of DPNH has been generally accepted as a basis for 
further work One maj therefore write the reaction (Pi denotes inorganic 
phosphate) 

DPNH + H+ + iOa + 3ADP + 3P, DPN*^ -f- H 2 O + 3ATP 

If the standard frec-energv change at pH 7 (aPO aerobic oxida- 

tion of DPNH IS taken to be about —50 kcal per mole (cf p 372), and 
the value for the syntliesis of ATP is assumed to bo about -b8 kcal per 
mole (ef p 374), it ma> be calculatcil that tlie tlicrmodjnaraic effitiencv 
of oxidative phosphorylation is about 50 per cent It was noted earlier 
m this chapter that the cnergj’ raade available in the aerobic oxidation 
of DPNH b> hver mitochondria is released in "packets/’ corresponding 
to successive steps m the bcqucncc of electron transport Through expen- 
mentb m which one of the steps is blocked, or a portion of the sequence 
has been bj passed, important advances have been made toward the 
location of the particular electron transfer steps that are coupled to 
the phosphoiylation of ADP 

There is considerable cv idencc to show that one equiv alent of ATF is 
formed per atom of oxygen consumed in the oxidation of ferroc)tochronie 
c by On When ascorbic acid is used as the electron donor with rat 
liver mitocliondna, this bubslance reduces fcrricjtochromc c noncnzjnu- 
tally (cf p 353j, thus b> passing the electron earner systems of more 
negative potential (cjtochrome b, flavin, DPN) Other compounds 
(e g , 3,4'dih>drox>-L-phen>IaIamne) that reduce fcrricjtochromc c maj 
be used in place of ascorbic acid Since the aerobic oxidation of ascoriiic 
acid bj' the cjtochrorae oxidase system is accompanied by a P/0 ratio 0 
nearly I, it has been concluded that one of the three sites of phosphorj u 
tion m the respiratory chain lies between ferrocytochrorae c and oxygen 

21 S O iSictsen and A L Lehmager, J Bwl Chem^ 21S, 55S (1955), G Cooper 
awd A 1. LebuuDgi'r, tbtd , 219, 519 

-‘VG F Malej and H A Latdj.y Bial CAcm, 210, 903 (1954) 
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ble for onlj a small fraction of the total amount of ATP synthesized 
The greater part of the generation of the pjrophospliate bonds of ATP 
IS coupled to the operation of the enzymic mechanisms for electron trans- 
fer to oxygen from pyridine nucleotides or from metabolites such as 
succinate This type of process is sometimes termed “respiratory clnin 
phosphorylation " 

Numerous in\estigators ha\e shown that, under suitable experimental 
conditions, the aerobic respiration of cells and of tissue preparations is 
linked to the uptake of inorgmic phosphate, which appears m combina- 
tion with organic constituents, as m phosphory lated sugars or in creatine 
phosphate-® It was soon found that the respiration ib re':pon‘‘ible for 
the generation of the py ropliosplute bonds of ATP, and that the trans- 
piiosphorylation from ATP to a suitable phosphate acceptor (eg, 
glucose, creatine) is independent of tlie oxidation Later work showed 
tliat ADP IS the specific substrate m oxidatne phosphorylation,-* and 
much attention was therefore dexoted to the estimation of the stoichio- 
metric relation between the equualcnts of ADP phosphory latcd and the 
atoms of oxygen taken up (or electron purs transferred to oxvgen) m 
the aerobic oxidation of a metabolite This rchlion is usually termed the 
“P/O ratio," since it denotes the number of atoms of inorganic phosphorus 
incorpornted into organic pliosphatcs per atom of owgtn consumed 
The determination of P/0 ratios is complicated by the hydrolytic cleax- 
age of the pyrophosphate bonds of ATP (cf p 489) , to reduce this lo^s 
of ATP, fluoride (ca 0 04 fl/) is usually added as an inhibitor of the 
enzymes that hydrolyze ATP Also, an cflicicnt transpho«phorylating 
'*>*itom, such as tiie hexokina«c-catal\zcd reaction (p 375), frequently 
coupled to the generation of ATP, winch is thus “trapped" in a rapid 
tr msphosphory lation reaction teg, as gluco'^e-G-phospliato) Many 
'tudics of oxidatiyc phosiihorylntion liaxc been porforincd by the u'^e of 
inorgmic pho-phate labeled y\ith the radioactiyc isotope P‘- (cf p 392). 
and In the (Icterminaiton ol the radioactiy ity in the organic /ihospjiafc' 
formed 

Although respiratory chain phosphorylation has liccn demonstrated 
''itli preparations of yanous animal the nin-'t extin'^ne informa- 

tion has been obtained in studies yxith the mitochondrial fraction of rat 
hxer Of >-1)00111 inifiort inec yya- the elcmon'tr ition by Fricdkm ind 
I ehningcr-- tint lixcr mitoehomlrn effect phc)-i)hory lation coupled to 
the oxidation of DPNII by ()« ^ub>-cquent -tudie^' by I chninger-’’ ga\c 

\ lifrrr 6, 1 (I'HO) t> 1’ CoJownk n tI J llin! Chern 

133,550(1910) S Oclio-i 151,103(1013) 

*’ 1 C Slytrr and I \ Holton Ihochem J 55,530(1033} 

1 rirtlkm ind \ I I c)inmK«'r J Hiol Chem 178, Gil ( 1019 ) 

'^ \ I Ixlinmcfr llartcu Itrlurc^ 19, 17G (1055) 
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of mitochondria m the presence of phosphate, the rate of o\>gen uptake 
IS increased about tenfold This increased respiration is accompamed 
by distinctne changes in the steady-state ratio of the oxidized to reduced 
forms (cf p 360) of the DPN, flavin, cytochrome b, and cytochrome c 
systems, all of which become more oxidized By estimating tlie steady- 
state ratios under a variety of experimental conditions, Chance and 
Williams have inferred that ADP exerts its effect on the rate of electron 
transfer at the tliree oxidation-reduction reactions indicated m Fig 1, 
and that these reactions may represent the three sites of oxidative 
phosphorylation in liver mitochondria 

It may be added that oxidative phosphorylation has been demonstrated 
with intracellular particles from the microorganisms Alcaligenes /ccelis*’ 
and Azotobacter vinelandup- and from plant cells The addition of 
polynucleotides to the enzyme system from Alcaligenes fecahf promotes 
oxidative phosphorylation It is also of interest that oxidative phos- 
phorylation m liver mitochondria appears to be largely associated with 
the oxidation of DPNH rather than of TPNH 

The nature of the intermediates responsible for the transfer of energy 
from the oxidation of the reduced electron earners to the phosphorylation 
of ADP IS unknown Tiie pliosplmte groups of DPN and FAD do not 
appear to participate in tins process Among the several hypotheses that 
have been proposed is the suggestion*® that, on oxidation of the reduced 
form of an electron carrier, an “encrgy-rich’‘ bond is formed between the 
oxidized form of the carrier and a mitochondrial component, and that 
the cleavage of this bond is coupled to the phosphorylation of ADP 
{cf Lehnmger^*) Another hypothesis (Chance and Williams”®) is that 
the “energy -rich” bond invoh'cs (he reduced foriii of the electron carrier 
system '\^hatc^er the intimate mechanisms of respiratory’ chain phos- 
phorylation turn out to be, they appear to involve, m addition to the 
coupling reactions, separate bimolecular reactions for tlie phosphoiylation 
of ADP 

Clearly, the elucidation of the chemical nature of the mternicdiaies 
responsible for the conservation of the free energy released on oxidation, 
and for its transfer to the phosphory lation of ADP, represents one of the 

31 G B Pmchot J Biol Chem, 205, 65 (1953), Biochxm el Biophys Acta,2^y 
660 (1957) 

32 1 A Rose and S Ochoa, J Btol Chem, 220, 307 <1956) 

33 J Bonner and A MUIerd, J Htxtochem and Cytochem 1, 254 (19^), E E 
Conn and L C T Young, J BioJ Chem. 221, 23 (1957) 

34 N 0 Kaplan et a? Proc Natl Acad S<x, 42, 481 (1953) 

33 C L VV adkins and A L Lehmnger J Am Chem Soc 79, 1010 (1957) 

aep D Bo>er et al , hature, 174, 401 (1954), J Biol Chem, 223, 405 (1956), 
M Cohn and G R Drysdale, thtd, 216, 831 (1955) 
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Tilt allocation of one of the three sites of o\idatue phosphorylation to 
the fcirocj tochrome c — » ()> spin of the electron transport sequence 
supports the vieu that the other ti\o sites he bcUeen DPNH and fern- 
cytochrome c Thus e\penments with rat liter mitochondria, in which 
the cytochrome oxidase sy<;tem had been blocked by cyanide and fern- 
cytochrome t sorted as the eletlron acceptor, gate P/0 talues approach- 
ing 2 for the oxidation of j8-litdio\t butyrate*® V tentatue assignment 
of one of the two phosphortlation sites suggested by this P/0 talue is 
between DPNH and the antimy cm-senbitit e step-^ (cytochrome b?, 
p 350), the other mat he it the rciction between fcirocttochrome b 
and fcrricy tocliromc c This i<'Mgnnicnt is in agreement with the finding 
that the aerobic oxidation of succinate h\ mitochondria gucs P/0 aalucs 
between 1 and 2, suggesting onl\ two sites of oxidnti\e phosphorylation 
Since the enzymic dchydrogen ition of succinate does not m\ohe a 
pyridine nucleotide system (cf p 344) it may he inferred that a phos- 
phorylation site ncir the DPNH— ^flaain step of the respiratory chain 
has been bypassed in the aerobic oxidation of this metabolite (Fig 1) 


r Powible sites of phosphor> lauon of ADP — ^ 

I n 

AH« ^DPN+v Cyt b Fe’*-, ,JCytcFe'\ x2CytaFe”>. -110 


I 


A ^ '‘DPNH'' ^ F 
+ H'*- t 


Y 

yv 

2H* 


T 

2CytbFe**/ ^2C>YFe’*/' 2C>tBFe®+^'^J02 


tig l PosmIiIc sites of coupling of plio-plioohlion with electron trin'sport m 
li\cr nutochondrn 


Turthcr miporlint inform itn»n about the prob iblc ‘“itc*? of oxiditnc 
pho-phor% 1 ition h i‘' come from tlie spectroscopic studies of Chance 
and \Nilham‘i ’’ on the steuh'-tite lc^cls of the electron carrier M‘^tcms 
in li\tr mitoehondna Earlu r work*" had shown that the rate of electron 
transport from DPXH to ()_ is controlled h\ the concentration of ADP 
and of inorganic jiho'ph itc hen \DP is addcei to a suit ihle prepar ition 


•'’IJ Bork''troin el iil J Uml Chrtn 21t *»71 (I'Ijj) 

* J H Copenln\rr 'ilid H \ I ir«I\ J Itvtl Chetn 22o (1^02) 

*''* B Clnnrc find Cl It Uillnm« J Htnl (Utm 217» 129(1^)5) 

^B Clnncr and G It Willnni* / liuA Chim 217, 400 439 (law) U/inncc* 
«f' / n i/iriof 17, C*» (19,0) 

\ 1 ml> and II Wfllmm J liiitl Chem 193,215 (19j2) 
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action IS of decisive importance in the determination of metabolic path- 
ways The subsequent discussion of the intermediate metabolism of 
carbohydrates, lipids, proteins, and other cell constituents will pioaide 
many illustrations of the fact that the study of the integrated action of 
multienzyme systems forms the basis of modern biochemistry 

Dixon, Mult%~Emyme Systems, Cambridge University Press, Cambndge, 

1949 
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most challenging tasks of modem biochemistrj The difficult} of this 
problem has been great, especially because the mechanism of o\idati\e 
phosphor} lation depends on the mtegritj of an organized multienzAmc 
s}stem that is damaged easiK Honc\er, the recent ‘reparation from 
digitonin extracts of rat Iner mitocbondna, of particles that perform 
oxidatne phosphor} lation is an important adiancc toisard the chemicil 
dissection of this complex process 

In the stud} of oxidatue phospllOr^ Htion, adiantage has been taken 
of the eflect of a large \anct} of substances to dissociate (“uncouple”) 
electron transfer from phosphor>lation, permitting oxidation to occur 
but inhibiting the phosphor} lation of ADP Among these uncoupling 
agents IS 2,4-dinitrophcnol,3* which is belieied to accelerate the h\drol} 51 =; 
of ATP and of “energ}-ri(.h” bonds m substances inioKcd in the tran«!- 
fer of energ}’ from oxidation to phosplior}Iation The addition ot dini- 
trophcnol incrca*'CS the rate of oxygen uptake, prcsumahl} b} eliminating 
the regulatory influence of inorganic phosphate and of phosphate accep- 
tors (cf p 383) Calcium ion also acts as an uncoupling agent, probabl} 
b} counteracting the effect of magnesium ion, which is essential for 
oxidatne phosphor} lation Other uncoupling agents are the liormono 
th}ro\ine,®® the anticoagulant dicumaiol^® the antibiotic gramicidin, 
bihrubin,^' adrenochrome, pentacWorophenoi, and azide Most of these 
substances arc effcctnc at relatncl} low concentrations (ca 10'® M) 
The elucidation of their mode of action as uncoupling agents depends on 
further chemical dissection of the muUicnz\mc s\»tem ln^ohed m 
oxidatue phosphorylation That the mechanism whereb\ the} act is not 
the same m all cases is indicated !>> the fact that uncoupling b} th} roxinc 
('\hich appears to alter the pcrmcabiht} of the nutochondnal membrane, 
cf Chapter 38) is countiractcd b} glutathione, or Mn-"^, none 

of these agents mcrconics the effect of dinitrophcnol *- rurthermoro, tlie 
artion of adrenochrome is counteracted b} glutathione, but not b} Mg-*^ 
or ^In-■'■ 

The results (liscus«cd in this clmpter make it clear th it the coupled 
action of inulticnzjmc s}stcm‘' is a di-stmctut attribute of the chcmicvl 
actuil} of luing matter, iiul tint the intracellular mttgrUion of tnz^ me 
C CoojHr and A IrltninRcr J Ihol Chevt 219, ISO (19)0) J I G«fnl>lo 
Jr and A 1, Iclminpcr i()h{ 223,921 (19561 

1 1 oomis and I Iipitunn J Ihol Chent 179,^03(1919) C Coopor and 
\ 1 I rlininccr. 221, 5-17 5G1 

f 1 IIocli and 1 I ipimnn Proc Sail Acmt Set 10,900 (19>i) G ! i!r\ 
»rid n A lirds J Ihol Chem 2l‘». 377 (lloS) 

^'*C AlirtuiH and D Nitzlilttm //iwAim ct Ihufthv^ trio 13,152 2S9 (19>1) 
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system In other words, one must evamine the fate of a chemical com- 
pound m VIVO to ascertain the successne chemical reactions whereby it 
IS concerted to a % arict> of cellular constituents or to excrctorj products 
Tlius, for example, a portion of the nitrogen present in the proteins 
mgo'itcd bj man w lU be excreted m the urmc m the form of urea , another 
portion uiU, after a given time, be found m the protoporphynn of the 
cr> tlirocj te hemoglobin and m other nitrogenous constituents of the bodj 
Tlie stud} of the xnnous biodiemital transformations of a given dietary 
piotein will tlicn proxidc information about the “intermediate metab- 
olisin' of that protein in man Enlirel} analogous considerations appl} 
to anx other biological form, whether it be another \ertebrate, or a sea 
uichin egg, or a microorganism, however, the intermediate metabolism 
of a protein, or a carboiijdratc, or a fat, or anj of their chemical deriva- 
tuis, must be examined for each type of organism separately The 
intermediate metabolism of certain substances has frcquentl} been found 
to follow similar pathwa>s in widely different biological species Such 
findings support the view tliat there is a unitj in the mechanisms bj 
which man} fundamental biochemical processes arc accomplished in 
oigani&ms ns diverse ns a >cast cell and a mammal 

In the historical dev ciopment of biochcmislr} , tlie discov cry of chemical 
processes m wliole organisms has usuallj preceded the study of the 
individinl cnzjmcs that catalyze tlic component chemical reactions 
Perhaps the outstanding example of this is the development of knowledge 
concerning the fermentation of glucose to alcoliol by yeast In the 
chapters to follow, consideration will be given to some of the available 
knowledge in the field of intermediate metabolism Whenever possible, 
attention will he directed to the enz}mcs involved in the biochemical 
reactions under discussion, but, as will become apparent, there are man} 
reactions known to occur in living systems for which it is not possible at 
present to specifv the component enzymes Before examining, in turn, 
the metabolic transformations of carboli}drates, fats, proteins, and com- 
pounds related to each of these groups of substances, it ma\ be appropri- 
ate to consider brief)} some of the general experimental methods winch 
Imvo proved to he of value m this area of biochemistry 

isotopic Tracer Technique 

The pnmar} objective m the stud} of the metabolic transformation of 
a particular chemical substance is to observe the fate of that substance 
m VIVO under experimental conditions which cause a minimum of ph}sio- 
logical disturbance to the test organism For this reason, the most fruitful 
of the known methods for the study of metabolism is the “isotopic tracer 
technique”, here one or more of the atoms in the metabolite under study 
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Methods for the Study 
of 

Intermediate Metabolism 


Althougli nongrowing org'lnl«m^ arc clnr'ictenzcd h\ a rchtuc con- 
stnncj with icg'ird to tho chemical conipo^ilion of their cellular materml, 
till'' IS the c\prc'‘'«ion of a balancing of inanj chemical reactions rather 
than of a static situation For the maintenance of life, most of the 
constituents of cells mu'^t be rebuilt continuallj , to make this possible, 
chemical substances containing carbon, oxagen, hadrogen, nitrogen, and 
the other essential elements must bi ingested and U'^cd for the santhcsis 
of the carhohjdrates fit', protein', nucleic acids, porphjrins, etc, re- 
quired for tho intogritj of the biological unit Olniouslj, during tho 
procc'S of growth, the txi'ting cellular con«titucnt« muit not onlj bo 
rebuilt, but tht\ must aNo be augmented l)> tlic santhcsis of additional 
cellular material rurthermorc, m all orgini'-ins the tncrgx derned 
from the breakdown of some of the footUlulT's mu't bo made a\ailable 
to dri\c cndcrgonic reaction®, when external sources of cnerga (eg, 
'unhght in photo'^ ntlic'i'i cannot be mobilized Thc'c procc'sc® — the 
degridation of food'tulT' the '\ntlK'i' of cellular constituents, and 
the transfer of cncrg> — ire comjionents of tho "mctaboli'in” (Greek, 
metabole, change I of biological '\'ttm', and arc all dependent on the 
catahtic actuita of cnzMiiC' In the preceding chiptcr', cniphasi' was 
placed on the import ince of 'tudamg the chemical iction of purified 
cnr^ mc', 'nice the know Ii<lgt gaincil m thi' w aj i' C"enti d for an undcr- 
‘■tandmg of the role of tin mdnnhrd cnzMiiC' in the chemical d\nanuc'i 
of a biological unit How{\tr Mich knowledge thougli C'-ential, i' not 
‘“Uflicient for an appaention of the pirt tint the indieidual enzMiie*? 
pla\ in the chemical transformation of a gi\en 'uhst incc m a particular 
h\mg coll 

Tlu f‘tud\ of tlu chuuicnl degridations (poriKtimcs ((rmed “cat iho- 
hsrn”) and chimicd s\ntlus<- (sotiKtmus termed “ inaholism”) that 
occur m a luing s\..t<m imi-t, of mce'Hjta, b< txumnotl m tint h\ing 

3B7 
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molecules are comerted mto positivelj charged ions, these are accelerated 
into the field of a powerful magnet (cf Fig 1) In the magnetic field 
the ions ill be deflected to an. extent that will depend on their mass The 
relatnc amounts of the ions of different mass may then be determined b> 
collecting them on a plate and ineasunng the current produced In the 



Fig 1 Schematic drawing ot the es'^lial parts of a rnass spectrometer tube The 
ion source the ion path and the collector amngenicnt are enclosed in a tube that 
IS pumped continuously wlh a high-\dcuum pump (Trom Nicr^) 

determination of the content of an ammo acid, the bound nitrogen 
first must be con\erted to nitrogen gas, this is introduced into the highl> 
evacuated spectrometer tube, and the ratio of the masses 28 
and 29 (Ni®N^^) is measured The concentration of 0^® in. a compound 
is estimated b> con\eraion to COa or CO, in the latter case, the ratio of 
masses 30 (Qisois) to 28 (Ci2o‘'C) ,s determmed CO 3 has been used 
for the determination of C'-, and hydrogen gas for the determination 
of deuterium In addition to the mass spcctronietnc method, deuterium 
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i*! “labeled’’ bj means of one of the rare or artificnllj produced isotopes 
For a hibtoncal sketch of the biological application of isotopes, see the 
articles b> He\cs> ^ 

An isotope is one of a group of atomic species all members of ^hich 
Ii no the same number of protons in the nucleus, it differs from the other 
members of the group onlj in the number of neutrons in its nucleus 
Thus two isotopes of an element lia\c the siine atomic number but 
different atomic masss For example, nitrogen (atomic number 7) is 
found in nature both with a mass of 14 (designated and with a mass 
of 15 (designated Tliese two naturallj occurring nitrogen isotopes 

are “stable”, their nuclei do not undergo spontaneous decomposition 
Atoms whose nuclei decompose spontancouslj with the emission of radia- 
tion are termed radioactn e isotopes Most of the radioactn e isotopes 
used in biochemical research do not occur m nature, but are created 
artificially by nuclear reactions 

Stable Isotopes The stable isotopic elements of biochemical interest 
arc H- (also designated by the symbol D, for deuterium), and 

0^8 These atoms cMst in nature in the following rclatne abundance 

HVH2- 9998/002 
NivN» 5 = 99 63/037 
Ci2/C*3 = 98 9/1 1 
010/018 = 99 8/0 2 

Methods arc aaailablc for the preparation of samples of each of these 
elements in which the natural abundance ratio has been altered in faaor 
of tlie lc«s abundant form, and one may say, tlicrcforo, that the element 
has been cnnclicd with respect to its i«otopc content, or that the ele- 
ment has been “labeled ” Sucli a labeled element may then be mcor- 
poritcd, by appropri itc s^nthctlc methods,- into a substance whose 
iiutabolic fate is to be in\e'-tigatcd (eg, group of an 

imino acid), the “isotopic” compound is introduced into the organism 
under !!tud\ , and after i suitable time other compounds are isolated 
from tiic tl‘•suc^ and fluids of the organism, and tiicir isotope content is 
ditenmncd In order to measure the concentration of a gutn 
materi U that contains nitrogen, one determines the ratio of the abundance 
of the two ina'-'C'- This is performed in the mass spectrometer dcMscd 
b\ \-ton in 1919 and greath impro\cd since that date’ In principle, 
the mass spectrometer is an apparatus m which uncharged atoms or 

>G Cof(J Spntia //(irbor i>i/tnptina Quanl /iiol , 13, 120 (I9iS) , J C/icm 

^oc 1931, ICIS 

= H U \ \rn tun nnd It Pf'ntlo Quart itets , I, 172 (1930), S L Thomas and 
II S Turner \hii! 7, -107 (19>3) 

“ \ O Nicr Vience 121, 737 (lOoo) 
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Table I Some Radioactive Isotopes Used in Biochemical Studies 


Element 

Mass 

Number 

Type of 
Radiation 

Half-Life 

Hj drogen 

3 

r 

12 Syr 

Carbon 

14 

r 

5570 >r 

Sodium 

24 

r.T 

15 hr 

Phosphorus 

32 

r 

14 3 dajs 

Sulfur 

35 

r 

87 1 (lays 

Potassium 

42 

(S', 7 

12 6 hr 

Calcium 

45 

r 

164 days 

Iron 

59 

p-,y 

45 1 days 

Cobalt 

CO 


52yr 

Iodine 

I3I 


8 1 days 


denoted m terms of the cicctron-volt (cv), \\hich is defined as the kinetic 
energy acquired by an electron when it ino\cs across a potential gradient 
of 1 toll Usually the utut ^fev (million electrons olts) is used For 
example, the ;3-radiation of has an energy of 0 155 and that of 
an energy of I 7 Mev C*-* is usuallj termed a "ncak” ^-emitter, 
and a “strong” jS-emittcr The radioactive hjdrogon isotope tritium 
(H^, T) IS a vcr> Meak /3-cmittcr, the cncrg> of radiation being 0 0176 
Me\ The radioactne decay of an isotope accords mth the kinetics 
of a first-order reaction (cf p 244), and the time required for the loss of 
60 per cent of its radioactiMty (“haU-hfc”) is characteristic of each 
isotope With the short-lived isotopes, the in\cstigator must make the 
necessary corrections for the amount of xadioartivily lost by deca> 
during the experiment This is clearly not necessary ^I’lth ivhich 
has been an extremely \aluablc isotopic mirkcr in a variety of metabolic 
experiments ® 

All the isotopes listed m Table 1 arc produced artificially by means 
of nuclear reactions, for example, is formed b> the irradiation of 
Mith neutrons produced m a nuclear n actor (“atomic pile”) In 
tins nuclear reaction, protons arc emitted, and it is therefore usually 
written Ni^(n,p)Ci^ p32 ^nd S'*® are made from S'*- and Cl^® rc^'pec- 
ti\el> bj the same tjpc of nuclear reaction 

The most widely used method for the determination of radioactive 
isotopes IS based on the ability of the emitted radiation to ionize atoms 
m a suitable detection apparatus, such as the Geiger-AIuller tube ^ In 
this instrument (cf Fig 2), a difference m potential is applied across 
two electrodes separated bj a gas (helium, argon) A\^len the gas be- 
comes ionized by radiation omiUod by a radioactive substance, electric 

® M Cil\ m ct , Isotojnc CaTbon, John tt il*'> A Sons, ^ ork, 1019 

C Pollard ftntl W L Da\id«on, /Ippfied iVuefear P/(i/«cs, 2nd Ed , John ilc> 
L Sons, 1951 
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may be determined by measurement of the density of ^^ate^ obtained 
upon the combustion of the deuterium-containing compound, the 0^® 
content of water also can be determined b> density measurements 

From the natural abundance data for nitiogen, given above, it is clear 
that 37 of cverj 10,000 nitrogen atoms are of mass 15 This abundance 
IS more convcnientlj expressed as “atom per cent,” which here would be 
037 If one prepares a sample of nitrogen that has been enriched with 
respect to its N^’' content so that its ratio is 200/9800, i e , it 

contains 2 00 atom per cent N i this \ aluc exceeds the normal abundance 
bj I 03 atom per cent The sample is thus said to contain 1 63 atom per 
cent excess With modem mass, spectrometeis it is possible to 

measure the concentration of a sample of nitrogen within about 
0 003 atom per cent excess 

The advantage of using the “atom per cent excess" to express 
concentration may best be illustrated bv means of an example Suppose 
one dilutes 1 mole of a sample containing 2 00 atom per cent with 
9 moles of a sample having the normal abundance (0 37 atom per cent 
N*®) The resultant concentration is 


[(1 X 2 00) -h (9 X 0 37)1 
10 


0 53 atom per cent 


which corresponds to 010 atom per cent excess If one employs 

instead the v aluc I 03 atom per cent excess for the undiluted sample, 
then this value simpl> ma> be divided b> the molar dilution factor (10) 
to give the concontr ition (in atom per cent excess) of the diluted 
‘'ample The latter nroccdure thus offers a convenient wa> of calculating 
the dilution of i‘‘Otopc m tlie course of anv mixing process As will be 
seen in later chapters, the presentation of isotope concentrations as atom 
per cent excess simplifies the evaluation of dita obtained by the use of 
organic compounds labeled with N’® 

Radioactive Isotopes^ The radioactive elements are, m manj re- 
spects, more u-eful as tracers, than the stable isotopes, since the analytical 
methods for their measurement arc cxcccduiglv vcnsitivc Some of the 
ruhoactue I'-olopcs tint have proved to be of the greatest value in 
hiochcnncal work are listed in Tililc 1 The nuclear disintegration of 
thc'C I'.otopes is accoinpamcil b\ the cmis«ion of /3“-rays (negatrons, mass 
5 5 X lO""-*, charge — 1> and y-rav^ (photons, zero mass and charge) 
Other ridioaetivc icotojic*. emit thc-'C and other types of radiation, for a 
(h‘-ouvvion, bce I'ncdl indcr and Ktnncdv The cnergv of the radiation is 

D Kiuncn hntojnc Tr(lcct^ in Biology "Inl Id Antlcniic Pre « Ntw "iork 

in .7 

— nodhndf r and J Ixrnnoth 5 uf/rnr nm/ John iloj A. 
‘'on« Nrw \ork. 1935 
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In some biochemical journals, however, the number designating the 
mass of the isotope is placed before the symbol for the clement (eg, 
NH.CHai-'COOH, NHa^^CHoCOOH, isnHoCHoCOOH) 

As m experiments 'u ith stable isotopes, the equation that describes the 
dilution of y milligrams of nonradioactive material by x milligrams of 
radioactive material having a specific activity of Co counts per minute 
per milligram is the following y « x((Co/C) — 1], where C is the 
sjiccific activity of the diluted material (cf p 128) 

Use of Isotopes m Biochemical Studies Since it is the atomic number 
and not the mass that determines the chemical reactivity of an clement, 
compounds differing only with respect to certain isotopic atoms have 
similar chemical properties, and thus wnll be subjected to similar meta- 
bolic transformations In some instances, liowevcr, a labeled compound 
ma> be metabolized at a rate somewhat different from that for the 
unlabcled substance For example, succinate containing 77 atom per 
cent excess deuterium in the methylene groups is oxidized by a heart 
muscle succinoxidase preparation at about 40 per cent of the rate for 
the unlabelcd succinate ^ Such "isotope effects” arc roughly proportional 
to the difference in mass between two isotopes, and are especiallj marked 
for tlic liydrogen isotopcs^° (H, H®), and less evident for the carbon 

isotopes (C^^, 

When labeled compounds arc employed m metabolic studies, one must 
be certain tint the isotope does not "exchange” with the more abundant 
form present m the cnMronmcnt For example, an amino acid labeled 
with deuterium in the a-NH 2 group will exchange deuterium ions with 
the hydrogen ions of the biological fluid 

U— ND 3 + + 3H+ R— NH 3 + + 3D+ 

For this reason, amino acids labeled with deuterium in the o-NHs group 
are not hkcl> to be useful in tracer studies of metabolism 
In the application of isotopes to the study of intermediate metabo- 
lism, the simplest type of problem is that represented by the question 
whether a certain organism can convert substance A to substance B 
For example, the studies of Rose indicated that, m the growing rat, 
L-phen>lalaninc can be converted to n-tyrosme, since L-tjrosine could 
be omitted from the diet if sufficient amounts of L-plienylalanine were 
present Definitive proof of this conversion came from the work of 
Moss and Schoenhciraer, who prepared a sample of DL-phenylalanmc 
in which the hjdrogen atoms of the benzene ring had been replaced b> 
deuterium, and fed the labeled ammo acid to both growing and adult 
B Thorn, Bioc/icm /,49, 602 (1951) 

F Glascock and W G Duncombe, Bioc/iem J, 58,440 (195t), J R Rachele 
ct al J Am Cbcm Soc,76, 4342 (1954) 



methods for the study of intermediate metabolism 393 

current flons At a sufTicientlj high \oItage (ca 800 to 1500 ^olts) 
beU\een tlie electrodes, a plateau is reached where the number of pulses 
of current is independent of the aoltage and is proportional to the number 
of ionizing particles entering the tube If the tube is connected to a 
suitable metering dL\ice, the number of pulses per unit time can be 
counted, and the radioactivity of a sample mi> be given in terms of its 
“specific radioactivitv,” ic, the number of counts per minute (cpm) per 
unit weight (milligram, miciomolc, etc) The lelationship of this quan- 
tity to the number of disintegrations per unit time depends on the count- 


© 

0 


^Centra! wire 
(anode) 



rig 3 Schematic dngram of a simple Geiger-Mullcr tube 


ing cfTicicncv of the system The absolute unit of disintegration rate 
IS the cunc, 1 milhcuric (me) — 37 x 10^ disintegrations per second, 
one imcrocunc (/ic) 3 7 X lO'* disintegrations per second 

Tlic niea8urcnKnt of the radioactivity of a uniformly layered sample 
of solid mitcrnl (eg, BaC^'^O-j) depends on many factors that must 
be taken into iccount, and for which corrections must bo made Among 
tlicse arc (1) the background count caused by radiation not emanating 
directly from the sample, (2) the spatial relation between the sample 
and the detector (“geometry” of the system), (3) the interaction of the 
radiation witli the sample, as reflected in “self-absorption” and “back- 
ecattcr” of the radiation, and which vines witli the tiuckness of the 
sample For a di5CU'‘^ion of thcjrc and other correction®, sec Francis 
ot al ® Procedure'' have been de\ eloped for the stepwise and nearly 
quantitative degradation of many caibon compounds, permitting the 
separate conversion of c icli carbon atom to CO_>, which may be intro- 
duced directly into the Gcigcr-Mullcr tube, in this procedure, the count- 
ing cITicicncy much grt dtr than with solid ®ainplcs of BaCO j 

Die ‘•vnthcsis of many orgmic compounds containing radioactive or 
'-t ible isotopc" Ins been reported The convention® employed to desig- 
nate the labeled atom ire shown for various types of I'Otopic glycine 
Glycinc-]-C»^ XIUCHjC^OOII 

Glvcinc-2C>^ Nll^C^IInCOOn 

GIjcinc-X*= N'SHsCIInCOOII 

*G r Frincio ot nl hotojnc Frofor*, Uni\€T*ity of London The Athlonc Prc «3 
I ondon 1151 
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porphjnn IX, present in hemoglobin, is but one example, many others 
will be cited m subsequent chapters The information gained m such 
exploratorj in\estigations provides a basis for the more direct approach 
exemplified b> the study of the conversion of phen> lalamne to tyrosine 
Furthermore, through sjstematic degradation of isotopic compounds 
isolated from a biological system, the labeled atoms may be identified, 
and their relation to a labeled atom in the administered precursor may be 
inferred Thus the administration of C*'*-labcled formate (HC*'‘00~) 
to a pigeon leads to the metabolic formation of labeled unc acid, chemical 
degradation of this product has shown that the is largely located 
in carbons 2 and 8 of the purine ring (Chapter 33) 

The introduction of isotopes into metabolites is the most important 
example of the “labeling” of chemical substances so that they may be 
followed more easily in metabolism Tlit labeling technique itself ante- 
dates the use of isotopes, however For example, in 1904 Knoop described 
the metabolism of phcn> I-substitutcd fattj acids in animals, and showed 
that the phenyl group could scr\c ns a marker which would appear m 
the degradation product of the ingested fatt> acid (Chapter 25) Label- 
ing methods of tins t>pc in\oKc the intro<luction into the organism of 
substances which may bo “unphysiological,” and which ma> occasional!) 
be harmful to tlic organism This criticism ma> also be made of isotope 
experiments in winch the isotopic substance is present in cxtremcl) large 
amounts or the isotope concentration of the test substance is cxcessuely 
high Thus, if an organism is “flooded” witli DgO, it ma> be expected 
that the rates of man> of the metabolic reactions will be different from 
t!ic rate’ in the presence of \cr> small amounts of DnO Similarly, large 
amounts of radioactivity ma> cau’C radiation effect*^ which in turn will 
lead to an altered metabolic behavior In general, therefore, the in\es- 
tigator prefers to use the smallest possible quantity of labeled compound 

Isotopic labeling has been used widely in attempts to determine the 
rates at winch metabolic reactions proceed in an intact organism Fre- 
quent reference will be found in the literature to the “tu^no^er rate” of 
a substance, or the “biological Iialf-Iife” of a substance These terms 
usually refer to the rates at which an administered isotope )ea\es a 
gnen biological S)stcm However, since assumptions are made about 
the mixing of the labeled material with the corresponding unlabeled 
biological constituent, and about the kinetics of in vivo processes, ’uch 
\alues for “haU-life” have questionable \alidity in many instances 
The interpretation of data of tins kind is made \er> difficult by tlie com- 
pUxit) of tlie heterogeneous, multicomparlment, stead) -state systems 
found m Imng organisms 

>»J M Rcmer, arc/i liiorhcm and Biophya 46, 53,80 (1053) 
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rats for ^arlous time intcr\al« After the rats had been sacrificed, a 
pure sample of L-tjrosme was isolated from an acid hjdrohsate of the 
tissue proteins and ^^as anaUzed for deuterium The isotope content of 
the Urosine was such as to pro\ide conclu'snc e\idencc for the con\ersion 
tn VIVO of the benzene ring of dietarj L-phenjIalanine to the phenol 
ring of tissue L-tjrosine It must be emphasized, hoi\cver, that this 
experiment offers no information about the route of the metabolic trans- 
formation of phenylalanine into tyrosine 



rig 3 Kclationship between tlic i«otopc concentration of n precursor (/I) and its 
metabolic product (D) 

In studies of the metabolic con\crsion of compound A to compound 
B, it i« desirable, ^^henc^c^ possible, to dclcnnmo the isotope content 
of both A and B at incrca^Jing tiinC mtcr\als after the administration of 
A If A IS a specific precursor of B, the changes in the isotope content 
of the two compounds with time should be related to cncli other as 
shown in Tig 3 For a di‘-cii'Sion of the principles and application of 
this procedure, sec ZiBcrsniit ct al ” 

In attempts to broaden the knowledge of intermediate mctaboh«m, 
intensnc tffoits were made during the period 1940-1950 to trice each 
nMiiIihle i«otopic element from an ndmmi''tcrcd metahohto to as man> 
tt*-uc con^-titucnt*! ns could lie isolated in a chemictllj liomogcncous 
«t lie This t\pc of expcrimcnlation has McIded main data of the great- 
est \aluc Ihe di^coierj , b\ Shcinin and Rittcnbcrg,*- th it the nitrogen 
of ghrme adimm-torcd to rils appear^ in the p\rroIe nitrogen of proto- 
•'D n /ihor^rnit cl nl J Gen /’Ayttof , 2fi, *125 (1913) 

*-I) Slicmm nnd D Rittcnl>crp J lltol Chem Ififi, G2I (19IC) 
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V- ithdraw al of samples of blood for analj sis from the veins This method, 
termed the “angiostomy technique," has been used with singular success 
bj London” and others on dogs 

Mefabolic Abnormalities and Biochemical Genetics 

T)ic p]jjsiologi(,al d\sfunction which results from the surgical removal 
of an internal organ may resemble pathological states observed m a 
diseased organism Indeed, m higher vertebrates man> diseases of the 
liver lead to metabolic changes similar to those noted after hepatectomy 
Of the metabolic abnormalities of clinical importance m medicine, 
several arc hereditary, thoj have been termed "inborn errors of metab- 
olism” by Garrod Human beings who exhibit one or another of these 
metabolic disorders have served as valuable experimental subjects for 
the study of intermediate metabolism For example, in the condition 
known as alcaptonuna, a substance (boraogcntisic acid) is excreted m 
the urine, this substance is absent m the urine of normal human subjects 
The stud) of tlie nature and mode of formation of homogentisic acid 
has provided man) of the basic data on the intermediate metabolism 
of tyrosine in animal organisms, these data, indicating that homogentisic 
acid IS formed from tvrosine, have been confirmed and extended bj the 
application of the isotope technique (Chapter 32) 

The excretion of liomogontisic acid by the alcaptonunc was explained 
hy Garrod as the result of a hereditary inability to metabolize the com- 
pound further in the normal manner This concept has been the 
basis for the modem development of the techniques of biochemical 
genetics which liave, in tiie period since 3940, provided a most useful 
approach to the study of intermediate metabolism If one assumes 
that the biosjmtliesis of compound B from compound A must go 
through an unknown intermediate X according to the scheme A-» 
X-^B, and then observes that the ability of the organism to convert 
A into B IS lost as the result of a mutation, it is often possible to demon- 
strate that the organism is still capable of the reaction A~» X, and to 
isolate and identify tlie unknown intermediate Thus, in certain artifi- 
cially induced mutant strains of the mold Neurospora crassa, it has been 
shown that 3-h>dro\yanthranihc acid is an intermediate in the normal 
pathway for the syntliesis of nicotmic acid from tryptophan (Chapter 

”E S London J/arvey Lectures, 23, 208 (1927-1928) 

A E Garrod, Inborn Errors of Metabohsm, 2ntl Ed , Oxford University Pro's, 
Oxford 1923, H An IntToducUm to Human Biochemical Genetics, Cam- 

bridge TJnncrsil> Prow, London, 1953 

G XV Beadle Chem Itevs , 37, 15 (1915) , R P XVngncr and H K Mitchell, 
Genetics and Metabolism, John XVjIey i Sons. New Tork 1955 
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Growth Studtes 

Despite the undisputed importance of the isotopic tracer technique, 
it nould be incorrect to suppose that it is the onlj experimental approach 
to tlic stud} of intermediate metabolism in intact organisms Man} 
of the conclusions drann from isotope experiments hod been fore- 
shadowed b} the results of the application of other metliods As men- 
tioned earlier, the metabolic relation of phen} lalanine to t} rosinc emerged 
from studies of the growth of immature rats This experimental pro- 
cedure depends, first of all, on the recognition that a gnen constituent 
of the diet is indispensable for the normal growth of an organism Sub- 
sequent in\cstigations arc directed to the search for other compounds 
that can, partiall} or full}, replace this dictar} essential This line of 
research has been cspcciall} fruitful in the stud} of the intermediate 
metabolism of microorganisms Man} bacteria, for example, have 
exacting nutritional requirements for certain ammo acids or xitamms 
Other bacteria or molds that arc not so fastidious can be caused to 
“mutate” (by treatment with X-ra}s, ultraviolet light, or selective 
clicmical ngentfe) into strains (termed mutants or auxotrophs) which 
arc then characterized by a ncwl} acquired nutritional requirement As 
IS the case for nutritional experiments with the growing rat, the abilit} 
of substances to replace an essential nutrient in the culture medium of 
microorganisms ma} re\eal metabolic relationships between tbo com- 
pounds tested for tlieir growth-promoting capacit} ” 

Recent improvements in techniques for the growth of mammalian cells 
in tissue culture'*' have led to valuable studies on the nutritional require- 
ments of such cells 

Application of Surgical Techniques 

Before the ad\cnt of the isotope technique, much information was 
gained about the intermediate metabolism of complex organi«ins, and 
c^pcclall} anima!«, b} the application of the methods of experimental 
surgerv For example, it was found that in the rat hepatcctoin} (sur- 
gical rcino\al of the liver) causes an appreciable rise in the level of 
aininonia in the circulating blood, while the level of urea falls Tins 
ob-cr\ation led to the conclusion that the liver is an important site of 
the utilization of ammonia for urea svnthe«is Another experimental 
technique is the tipping of blooil ve«els leading to and from various 
organs to permit the injection of substances into the arteries and the 
>‘D D V\o(xN J Gen Microbiol , 9, 151 (l9o3) 

*•'1 N }\jllnicr Cu/Ittre, 2nd Fd Mcthnrn and Co London, 1954 

Laglc, 7 lUoi C/iciru 21 1, S39 (l£b5) , Sornfr, 122, 501 (PoS) 
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pended m an appropriate phjsiological saline solution, they mil gen- 
erallj survne long enough to metabolize a chemical substance that 
has been added to the suspension fluid, and the fate of the added 
substance ma> be determined if suitable analytical procedures are avail- 
able An account of the techniques for the preparation and handling 
of tissue slices may be found in the book by Umbreit et al and the 
article b-y Klhott-' An important shortcoming of the tissue slice 
technique is the uncertainty nhethcr the test compound can enter the 
cells of the slices Thus failure to observe appreciable chemical conver- 
sion of a substance, nhen it is incubated with tissue slices, does not m 
itself prove that the substance is not an active metabolite in the cells 
of that organ, it may merely mean that the penetration of the sub- 
stance into the cells did not occur, or was evtrcmely slow 
Significant data about intermediate metabolism have also been gained 
from the use of U'-suc mmcos and liomogenates, in which the cellular 
organization and oven the individual cells have been largely destroyed 
In particular, much work has been done noth cell-free homogenates 
which essentially consist of suspensions of the solid components of 
protoplasm (mitochondria, microsomcs, nuclear material, etc ) in a solu- 
tion containing the soluble components of the cell A discussion of the 
homogenate technique ma> be found in the book of Umbrtit et al 
The work of Claude, Schneider, and others has provided methods for 
the separation, by differential centrifugation, of some of the particulate 
components of homogenates, and these have also been used to obtain 
important results on metabolic reactions performed by the enzymes 
present in thc&e cellular constituents ^ 

Although many of the important enzymes of cells appear to be bound 
to the insoluble components found in homogenates, decisive data 
about intermediate metabolism may also be obtained by means of 
extracts coijtuining the soluble components Such cell-free extracts 
maj be considered to represent solutions of enzymes present in the 
cells, but tile natural morphological relationship among these enzymes 
has been completely destroyed This places a serious limitation on the 
interpretation of the results obtained in terms of the chemical process 
that occurs m tlie intact cell, nevertheless, the study of the chemical 
reactions of which such extracts are capable has been of the greatest 

-iW W Umbrcit et al, Manometnc Techniques and Tissue Metabolism, 2nd 
Ed, Burgess Publishing Co, Minneapolis, 1949 
— K A C Elliott, in S P Colowick and U" 0 Kaplan, Methods tn Enzymology, 
Vol I, Acidunic Press, New "iork, 1955 
23 A L Dounco m J B Sumner and K Myrback, r/ie Vol I, Academic 

Press, New yrork, 1930 . E L Kun and G H Hogeboom, m 0 H Gaebler. inzj/mc* 
Unit# of Biological Slruclwrc and Function, Academic Press, New York, 1956 
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32) Man> otlior examples of this tjpe be encountered in later 
chapters It inaj be mentioned here, mo^eo^er, tint the combined 
efforts of genetics ind biochemistrj ha\e helped to explain metabolic 
transformations not onh in microorganisms, but in a number of higher 
plants and animals as ^ell 

Metabolic abnormalities ma 3 ' also be induced artificiallj b} the ad- 
ministration to test organisms of "metabolite antagonists " These are 
substances uhich, bj Mrtue of a structural similantj to natural metab- 
olites, interfere ^Mtli one or more natural biochemical processes, pre- 
suniablj, the antagonist functions as an inhibitor of specific cnzjmic 
tran^sformations (cf p 260) A stimulating discussion of this approach 
maj be found in the book bj Woolle> ^ 

Perfusion of Excised Organs 

^^an^ important results pertaining to intermediate metabolism vsere 
obt lined during the period 1900-1920 b> the perfusion of isolated 
organs In this cxponmcntnl technique, an organ is carefullj remo\ed 
from an animal and placed m a closed sjstcm in which it mnj be per- 
fuecd either bj means of the animal’s own blood or with a salt solution 
(pli\ Biological saline) whose clcctrohtc content approximates that of 
the blood Such i«otonic salt solutions were first prepared b3 Ringer 
(1882) and I)> LocKc (1900), and manj' modifications of their solu- 
tion's haic been described m the later literature Under the conditions 
of such experiment®, the organ sunnes for an appreciable period of 
time, bcncc test substance® rnaj be ni(ro<luccd into the liquid entering 
the organ, and ‘•amiilcs of tlic liquid tint emerges from the organ ina\ 
be withdrawn for analysis It will be obMous, howe^e^, tint this tech- 
nique «uffcr's from the disadvantage that the organ has been separated 
from the phj “lological environment in whitli it norinallv operates and 
from contact with circulating hormones whicli, ns will be seen later, 
extrt a profound influence on intcniicdiatc mctnholisin Although the 
perfusion technique has been cniplojtd infrequentiv in recent vears, its 
import incc ns a method for (he studv of intcrmcflnte metabolism in 
w hole organ® i- now rccciv mg renew cd recognition 

Use of Various Tissue Preparations 

Once a given organ or tis-^iie ha® been implicated a® the site of a 
hioclicinic il tr in‘*fonuation, thi* proee-® mav he inv c^tigatcil more clo-civ 
bv till u-c of ti‘.‘-ue fibre- ^Mlcn verj thm slice® of an organ are fiUfi- 

^]) \\ Woolloj A 5luf/y of Anttmftabnlite^ John A Con«, Niw 3ork 

10 ,2 ’ 
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Chemistry 
of the 

Carbohydrates 


Before discussing the intermediate metabolism of the carbohydrates it 
IS desirable to rcA icw briefly some of the salient features of the chemistry 
of this class of biochemical constituents Valuable reference boohs on 
structural carbohydrate chemistry ha\e been prepared by PercivaB and 
by Pigman^ 

The carbohydrates, as their name implies, are compounds composed 
of carbon, hydrogen, and oxygen, although, as nil) be seen later, certain 
members of this group also contain nitrogen or sulfur In general, the 
substances belonging to this class of compounds may be divided into 
three broad categories The first of these includes the so-called mono- 
sacchandts, among nhich arc fi\ e-carbon compounds such as the pentoses 
(o-nbosc IS an e\amplc) and six-carbon compounds such as the hexoses 
(c g , D-glucose) The second group of carbohydrates may be designated 
"oligosaccharides," ■which are composed of two or more monosaccharide 
units linked to one another through glycosidic linkage Examples of 
oligosaccharides are sucrose (a di‘-acchandc) and raffinose (a tnsaccha- 
nde) No sharp line of distinction can be drawn between the oligo- 
saccharides and the third group of carbohydrates, the polysaccharides, 
winch represent large aggregates of monosaccharide units, joined through 
glycosidic bonds, the polysaccharides contain a great many of these 
units and, therefore, are substances of appreciable molecular weight 

MonosaccHdndes 

Perhaps the mo's! important of the known monosaccharides is D-gluco'=e 
It is found as such in the blood of all animals and in the sap of plants, 

G V Percnal, Sf^^ic^ura^ Carhohydrale ChemislTy, Prcntice-Hall, Inc, 
Fnglewood ClifT^, J , 1950 

Pigman T/tc Carbo^n/c/ralM, Academic Press New york, 1957 
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value for the piogrcss of biochcmistrj' These studies lead naturallj to 
attempts to isolate, and to purif3, the constituent cnz\mcs A stud} of 
the properties of the indiMchml enzjmes, and of their relationship to 
one another in coupled reactions, then can £er^c as the basis for the 
de\elopmcnt of i\orking hypotheses to explain the manner in nhicli 
tiie enzymes cooperate in the intact cell 

It i\ould be pointkss to single out anj one of the a\nilable experi- 
mental techniques for the studx of intermediate metabolism as being 
uniquely sufiicient for the elucidation of the chemical fate of a gnen 
chemical substance in a particular organism Rather, each of the 
methods contributes importantly to such studies, and frequently data 
obtained by different techniques reinforce one another and thus become 
more meaningful Furthermore, the sexeral techniques can, in many 
instances, be combined, thus the isotope technique has been apjilicd to 
good ad\antnge, not only to metabolic experiments \Mth intact animals, 
plants, or microorganisms, Iiut also to studies w itli tis&ue homogenates, 
cell extract, and specific cnzxme s\ stems prepared from these bio- 
logical forms 



0-Glyc*rsWehyd* 


general biochemistry 


/&-5-|-|-8-5! 


g_g-g-8-5S 


a 8 

"Vo ® a a § 
g_8-5-5-S-B a 
“ a g g » 4 


g_g_8-5 i5 


g_|_|_8-g« 


J_g_8-g-8-B ■; 

8 a g s 


‘‘o a a ^ S 

i-i-8-S-§-S? 


- ^ I 
2 a § p a -I 
6-5-8-g-w I 

o a a 1 
. X “k 


iJjJl 


o a 


o a a a ^'4 

«_P>_8-8-5 i 


403 


CHEMISTRY OF THE CARBOHYDRATES 

it also forms the structural unit of the most important poh saccharides 
The ^\ork of Emil Fischer and others showed tint n-glucose exists in 
solution largelj in the form of a ring compound which is in equilibrium 
with a small amount of the corresponding open-chain form The ring 


H OH 


\ / 
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PjTaoo^ form OpM» ch*in form 

of D-elucoflo of o-rIucoss 


in this cjclic form of glucose is related to the hetcrocjclic compound 
p>ranc, and is termed a "pjranosc'' ring It will be noted that the open- 
chain form of D-glucosc has 4 nsjminctnc carbon atoms and the cNcIic 
form will be ‘•cen to iiavc fi\c centers of as>mmctr>’ Bj con>cntion, the 
assignment of the configuration of glucose and of other monosaccharides 
depends on the configuration about the higlicst-numbcrcd nsjmmetnc 
carbon atom If the configuration about this carbon is tlic same as that 
m r)-gl\cornhlch\dc (cf p 79), the monosaccharide is designated a 
i>-«ugar The cnantiomorph of the D-sugar is related to L-gl}ccrQldoh>dc 
in the #■ inic manner 

^incc the ojion-chnin fonnula of glucose has 4 asjmmetnc carbon 
atom*', it follows that there are 16 po«Mblc i^-omcrb of this sugar Of 
the 8 Isomers belonging to the D-*-eries, 7 difTcr from u-gluco^e m the 
configurition about cirbon xtoins 2, 3, and 4, the names n'5«ignc(l to 
tlu-c i-omers are gi\cn in Table 1, which present*> the configurational 
rtlation‘‘hip<5 of the. n-tcrits of «=ugirs An excellent discu'S'ion of the 
frttreoclKuu<tr> of Migars ma> be fownd m the article bj Hudson ^ 

I he formation of the p\rano’-c ring in the c^cll7ntlon of a hexose 
introduce' a fifth ctiiUr of n‘'Mmnctr\ at carbon atom I ^^llcn the 
h^rlro\^l group tif the t\chc D-ghico-c i*' ns- to the h\drox\l group at 
carbon atom 2, the compound !< tinned o-l)-glucop\ r uio-i , if tbc-c 
2 h\(lni\\l groups aa* iraun- to one another, the compound is /3-n-glu- 
cop\ raiiO'C 

In 1627 Haworth projiO'Kl a \ ilii ibli method for nprc-enting the 
r\clic fonn> of -upir", according to Uin* method, n-n ghicopjrano‘-c is 

"' { *' Hint on tt/jancfi in C«irl«i/ii/rfrofr Chcin , 3, 1 (lOtS) 
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ft-D-glucopjranose is dis'soKed in \\atcr, it first sho\\s a rotation of 
= +112°, but this \alue slowly falls to +53° (Table 2) Tins 
change in rotation is termed “mutarotation,” and is due to the estab- 
hshnicnt of the equilibrium between the a- and |S-forms of the ring 


Vi 

9 OH 

—OH 

H fno 

-V 
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0 o» 

-c H 

OH 

OH 

OH 


compound A sjnthctic sample of /R-o-glucopjranose has an initial 
of +19°, hence the equilibrium in the mutarotation of D-gIuco«e 
corresponds to a mixture of 30 per tent of the a-form and 64. per cent 
of the p-form The rate of mutarotation is increased by the addition 

Table 2 Optical Rotation of Some Sugars 

UTicre t^\o \alups are gi\en for tlic o- or /3-form of a sugar, the value after the 
orroiN denotes the rotation of the equilibrium mixture formed by mutarotation 
The rotations of nonreduemg sugirs are enclosed m brackets 


Sugar, 

Wd» 


grams per 100 ml HjO 

ot-Form 

^-Form 

ihGlucose (4) 

+1122-^+52 7 

+18 7-++52 7 

D-Galactose (4) 

+ 1507-V+802 

+52 8-+ +80 2 

n-Mannoce (4) 

+20 3-*+H2 

-170-++142 

n-Fnictose (4) 


-1322-+ -924 

L-Anbinose (4) 


+190 6-++1045 

D-Uiboso (4) 

-23 1 -♦ -23 7 


z>-Xx lose (4) 

+936-+ +188 


i/*Fucose (4) 

-152 6-» -75 9 


Alftlto^e HoO (4) 


+1117-+ +1304 

CcUobio^se (8) 


+14 2-++34 6 

Lacto'-e H«0 (&) 

+850-++52 6 


Mchbiosc 2H«0 (4) 


+1117-+ +129 5 

Sucrose (26) 

(+66 53] 


q rehalo«c (h 

1+178 i] 


Knffinosc (4) 

1+105 2] 



of dilute acid or alkali 2-H\drox>pjridu\c is an effcctixc catalyst of 
mutarotation, its action appears to xnvohc simultaneous acid and ba'^o 
catalysis (cf p 280) An enzyme (mutarotase) , present in extracts of 
the mold Pcmcilhiiju notatnm and of some animal tissues (kidney, 
luer), also catalyzes the mutarotation of glucose^ 

Since the ring forms of the sugars are m equilibrium with tlie cor- 

KcilmnmlE F 'Riulir-e, Biifchcm J, 50,341 (19S2), A S Keston, Science, 
120, 335 (1934) 
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written as sho^n in the accorapanjing formulae The plane of the 
pj rano'C ring is considered to be perpendicular to that of the page on 
^^hlch it IS ^\ritten, ^\lth the substituents abo\e or below the plane of 
the ring In practice, the carbon atoms of the ring and tlio hj drogen 
atoms arc omitted, as shown m structure A, the formula also maj be 
ln^ertcd, as in structure B Companion of the Haworth formulation of 
a-D-glucop>ranosc with that shown prcMouslj (cf p 403) might suggest, 
at first glance, a discrcpancj between the two The reason for this maj 



best be \ isualizcd bj means of atomic models, but ma> also be appre- 
ciated h\ a consideration of the effect of bringing the ring o\>gen atom 
into the plane of tlie ring carbon atoms Tins operation l^^ol\cs the 
rotation of the bond between carbon 5 and tlie ring o\' 5 gcn through 
more than a riglit angle and therefore brings the li> drogen atom attached 
to^carbon 5 below the plane of the nng 



a-P-Mannepvnnote a-'D-GalsrtotrynnMa 

The other aldohc\o«c« of greatest biochemical interest arc D-manno^c, 
uhith 1 " found in n iture as a con‘-titiient of certain poK saccharides and 
of gUcoprotein^s, and (bfitr- from gluco-( in its configuration about car- 
bon atom 2, and D-galacto«c, which is a component of the di‘-accharidc 
Incto'C (from milk) and of scacrnl poKtaccharidc*’, and differs from 
gluco'C in It'* confipur ition about carbon 4 
The configurition about cirbon atom I in the c%chc aldohc\o'c« is 
not ‘‘table hut can rt ulib pa*-** from the a- to the p-form when the super 
1 - put into volution Ihi*! iv a convtquencc of the fact that the “Structure 
ihoul cirbon I in the ring coin{>ound i** that of an hcmincekil, and, 
inentumed cirlitr, m -ohrtion the ring compound iv m equilibrium 
with the opin-chnn nldihadic fonn The open-chnm form cm be con- 
icrtdl into fither tlu o- or the /J-fonn of tlie ring compound When 
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o 



Antbrone 


One of the most useful means for the characterization of the mono- 
saccharides MU'? disco\cred hy Emil Fischer in 1884 and imoKcs the 
reaction of sugars such as glucose nith phfn 5 lhydra 2 inc to form crjstal- 
line "osazones ’ ® Since n-mannose differs from D-glucose onl> m the 
configuration about carbon 2, the osazonc formed from mannose is identi- 
cal v.\i\\ that from glucose The osa/one of D-galacto‘5c is a diastereo- 
isomer of glucosazone 


CHO 

HioH 

Hoin 

1 + SCoHsNHNHj 

HCOH 

H^OH 

^HsOH 


Glueose 


CH=NNHCaH5 

i^NNHCeHs 

HoiH 

nioH ^ 
h(!:oh 
iHjOH 


CeHsNHj 

+ NHs + 2 H 2 O 


Glucoutose 


If glucose IS heated n ith methanol in the presence of HCI, the h> droxyl 
group on carbon 1 is substituted and a mcthylglucoside is obtained 
Clenrlj, tuo such deniatncs are possible, tlioj are designated ot-metbyl- 
D-glucoside and /3-raethj l-n-glucoside respectively A more precise 



o-Meibjl-D-glueoside S-b!«thyl-D-gluco*i4p a-Metlyl»D-glucofuranoside 


designation of the cj-mcthyl-n-glucosidc so formed viould be a-mcthyl-n- 
glucopjranosidc, since the latter name specifies tlif nature of the ring 
This designation is important, since treatment of glucose uith methanol 
and HCI in the cold fields a glucoside in which the p^ranose ring is 
replaced b> the fi\e-mcmbercd ring related to furane As may be seen 
«>E G V Pcrcunl Advances tn Carbohydrate Chem , S, (IMS) 
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responding open-chain aldchjdic forms, “v suitable aldehyde reagent uill 
react uith the sugar and remoxe the opcn-clnin form from tlie equilib- 
rium This permits tlic oxidation of glucose and of other aldoses bj 
means of Fehling’s solution (an alkaline solution of copper sulfate 
plus sodium potas'^ium tartrate) , the cupric ion is reduced to the cuprous 
form and appears as the red cuprous oxide There are scieral modifi- 
cations of Feliling's solution (eg, Benctlict's «olution — an aqueous solu- 
tion of copper sulfate, sodium citrate, and sodium carbonate) The 
reduction of cupric ions h\ glucose pro\ides the basis for seieral excel- 
lent quantitatuc methods for the analysis of this substance m biological 
materials, such as blood One of thc«e is the procedure dcMsed b\ 
Somogj’i,® in nlnch tlie cuprous ion formed on reduction is allowed to 
react with iodine, and the unrcactcd iodine is determined bj titration 
with standard tliiosulfatc These methods are not specific for glucose 
but will, in general, measure the total reducing capacitj of tlie test 
sample In iddition to their oxidation b> cupric ion, the reducing 
sugars can abo be oxidized bj the ftrric>anidc ion, which is reduced to 
fcrrocjnnidc (Ilagedom-Icn-cn method) The reaction of aldoliexo'os 
with alkaline lijpoiodite (NalO), followed b> an lodoinctnc titration, 
proNuk^ the basis for ‘•till another analjtical procedure (W illst ittcr- 
Schudcl method) Tlio flaioprotcm notatin (p 339), winch is specific 
for /3-i)-glucop> rano'C, can be used for the cnz> mic determination of this 
liexoso 

On Ircitincnt with strong acids, aldohcxosos gi\e rise to hjdrox\- 
mcthjlfurfural, which, on further heating, is con\erted to loMihnic acid ® 


CTI (TI 


HOCII 2 — C’ C— CHO 
\ / 

O 

]I)tlrox}inctli>lfurfiinl 


CHaCOCHsCIInCOOH 


IhdroxMuctlnlfurfural and the parent substance, furfural (formed h\ 
the tri itnuiit of nldojicnto-C' with acid), react with a \arict\ of coin- 
pounil' [o-naplithol, rc«orcinol, orcinol* (>-nicth\lrc=orcinol), diphcn\l- 
immc, iHii/idmc, ‘•KaUtlc, indole, etc ] to form colored product’- Thu-s 
(Ik Moh'-ch n iclion ini ok < s tin treatment of a sugar w itli sulfuric acid 
followid In the addition of i ‘solution of o-naphtlml Another U'cful 
riagtnl i^ nnthroni (see p 408), after treatment with acid, a blue color 
n gnen In gluco-t, In other inono-acchande-, and In ohgo- and poh- 
« jcch iridt' upon the aildition of tin- re igent ** 


- M J lliot Chim 70 501(1*126) N ^cl on i6i</ 153, 375 ( 1911 ) 

*■ I H Nrwlli in CarlHthyilratf Chun f>, 83 

"J llniikncr Ihofhcm 200 (I^jS) 

* I) I Murri« 107, 2^i (I9IS) 
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A numbei of pentoses hnvc been found in nature, perhaps the most 
important of these is n-nhosc, a constituent of tibonucleic acids and of 
SOI eral nucleotides (ATP, DPN, etc ) Tlie free sugar n largely m the 
P 5 ranobC form, but in gl> cosides nbose is piesent ns a furanoside (p 409) 
The closely related 2-clcoxy-D-nbo8e, a constituent of dcoNypento'^c 
nucleic aeids (p 191), also participates in glycosidic linkage as a furano- 
side The natural occurrence of S-mcthyltbio-o-nbose nas mentioned 
on p 206 Tmo other aklopentoses that occur in nature are n-xyloso (a 
constituent of plant pol> saccharides), uhich differs from D-ribosc in its 
configuration about carbon atom 3, and L-arabinose (found in combined 
form m \anous plant products), which differs from n-nbose in its 
configuration about carbon 2 The ketoptntoses analogous to n-nbosc 
and D'Xjlose are named n-nbulosc and o-xylulose respcctiiely 
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Scicril methyipcntoses are found as constituents of plant products, 
among the«c arc 0 dcoxi -n-glucosc (present as a glycoside in the bark 
of manj species of Cinchona), i,-fucosc (found m bound form in marine 
algae and also in some mammalian pol> saccharides), and L-rhamnose 
(present as a gljcosidc in aarjous plant materials) The occurrence of 
i-fucosc as an important constituent of the t>pc specific human blood- 
group substances (p 428) is of special interest 
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from the formula for a-mcth> l-D-glucofuranoside, this tjpe of nng 
formation in\ohcs the hjdroMi group at carbon 4, instead of carbon 5 
as in tlie pjranosides Analogous furanosides maj be obtained from 
other monosaccharides 

Methjlglucoside is pcrliaps the simplest example of a large group of 
substances in mIiicIi the lijdroxjl of the hcmiacctal group at carbon 1 
of a mono'^accliaridc lias been condensed uitli the hjdroxjl group of an 
alcohol Such dcruatiics. are termed gljcosides, and the linkage uhich 
joins the sugar to the alcohol is termed a glj cosidic bond The participa- 
tion of the potential reducing group of a sugar m a gljcosidic linkage 
abolishes its capacity to react with phcnjlhjdrazine or with rehhng’s 
solution, and the configuration of the ring compound is stabilized in 
either the «- or the ^-fonn When a gljcosidic bond involves the union of 
two monos icchnridcs, a dis icchandc results, and, when manj inonosac- 
ciiaridc units arc joined in a linear arraj by means of gljcosidic bonds, 
the resulting product in a polj-accliaridc The gljcosidic linkage occu- 
jiics a place m carbohvdratc clicmistrj analogous to the role of the 
jicptidc bond in protein cliomistrj 

Of the 8 i)-aldolic\()scs listed on p 404, onlj glucose, mannose, and 
galacto'-e have been found m nature, the other 5 isomers linvc been 
sjuthc^izcd, but have not been idcntilicd in biological material Another 
inijiortant hexose found m nature is the ketohexose fructose, which has 


OH OH OH 

0'Mft>iyl-D-fructofurii»Mide a*D'Rjboruranoiide 

A reducing grouji at carbon 2 The opcn-chnm form of this licxose is in 
cqmhhrium with tlu corresponding pvranost and furinosc form'', m 
•■ohilion>^ of the free sugir, the pvrano«c form predominates However, 
wiicn friictO'C jiarticij) Ut'- in gljcosidic linkage, as in the disacclmrK’c 
"ucro'^c (cf p 410), it i** jire-cnt m the fura«o‘-c form I nictosc i> foun<l 
AS such in seminal fluid, and js a constituent of the polvsactharidc 
inulin Fructose can reduce cupric ions and reacts with phcnjlhjdrazinL 
to give the e mie O' izonc ns tint obtained from gluco-c and rnanno'-c A 
kctohcxo'c related to fruetO'C n i-'^orho t Other niturdlj occurring 
kcto'cs arc tlic st\cn-cirhon 'ugir-. (kitohcpto'es) p-mannohcptulosc, 
found in the avocado, and n-seelohiptulosc, found in plants of the Sedutn 
familj 

Minn The IhochcmiUrj/ oj Stmrn Methuen ond Co , I omlon 1951 
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from a pentahydne alcohol related to n-nbose, 
n-ribitol (cf p 330) 

and therefore is termed 
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Closely related to the hexahydne straight-cliain alcohols are the cyclic 
inositols (see Fletcher*-) The most impoilant of the isomeric inositols 
IS the optically inactive weso-mositol (also called niyo-inositol), ^^hlch is 


OH OH 



OH 


m«S9-!noiKol Scylliiol 



widel> distributed among plants and animals, it is present in large 
amounts (ca 1 gram per 100 ml) m boar semen Another of the 
isomeric inositols (scylUtol) has been identified as a constituent of dogfish 
liver and cartilage and of several plants 
An important derivative of n-glucosc is the amino sugar 2-amino-2- 
deoxy-D-glucosc, usually termed D-glucosaminc, a component of several 
polysaccharides (cf p 423) Anotlicr amino sugar that is a structural 
unit of certain polysaccharides is galactosamine or chondrosamme 
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H G rielclipr, Jr , Adiances m Carbohydrate Chem , 3, 45 (1918) 
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Oxidation of the reducing group at position 1 of glucopxranosc gi%es 
gluconolactonc (probablj a S-hetone), winch is hjdrohzed to gluconic 
acid, as was seen earlier, this oxidation is catalyzed bj cnzjmes such 
as glucose oxidase (notatin) Another oxidation product of D-glucose, 
found as a con‘>tituont of certain poh saccharides and as an excretion 
product m anim ils, is glucuronic acid, formed bj oxidation of the 
Cn.OH in the G jiosition to a carboxxl group \n analogous uronic acid 
IS obtained from galactose and is termed galacturonic acid, it is found 
as a constituent of fruit pectins Anotlier uronic acid found m nature 
IS mannuromc acid, deri\cd from mannose and found in pol\saccbnridc« 
of lirown marine algae The lactones dcn\<.d from the uronic acids 
usuallj arc /-lactones 
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Mild rtduction of the inono'^accliaridts le ulc to the fornntion of 
poI^h\dro\\ alcohols ni which the reducing group (CHO or CO) of the 
■«upir has been replaced b\ an alcohol group Among the compounds 
of this t\pc arc se\ernl naturalK occurring liexahxdnc alcoliols related 
to the lu\o-(- ("ce I ohiinr and Goepp“ I Thu- n-nunnitol is an 
import \nt constituent of brown algtc, and n-sorhitol is found m man\ 
fruits It will be recalled Ihit m nhofliMn the rc-idue is d(ri\cd 


1* It IxTliniar ninl It M Gocpji Jr Adtaneta in Carbnhi/dratc Chem^ I, 2II 
(lOIP) 
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gi\en sohent is raarkedlj' altered by the presence of bone acid The 
chromatographic separation of sugars and their dernatnes maj be 
effected on columns of \arious adsorbents (carbon, fuller’s earth claj), 
and IS useful for the isolation and purification of relatn ely large quan- 
tities of material ith sugars that form bone acid complexes, anion- 
exchange resms (p 122) can be used 

OligosaccharMes 

As noted earlier, the oligosacchandes are gh cosides in u hich a h\ droxj 1 
group of one monosatclxande has condensed mth the reducing group of 
another If two sugar units are joined m this manner, a disacchande 
results, a linear arraj of three monosaccharides joined by gHcosidic 
bonds is a tnsaccharide, and so forth 


CH<,OH CH-,OH 



( 1 I 

OH OH 


Ma'tcM (i-topn} 

Among the disaccliandcs is the reducing sugar maltose, a product of the 
partial degradation of polj sacchandes such as starch In maltose one 
molecule of n-glucopj rano^e is joined through tlie hjdroxjl group at 
carbon 1 b\ means of an <t-g!}C 0 Mdjc linkage to the h\dro\-jl located 
at carbon 4 of a second molecule of D-glucose Alaltose may therefore 
be termed 4-(a-D-gIucop>ranos\l)-D-glucop\TanQse In the formula 
shown, the configuration about the reducing group is given a* /?, since 
this IS the form m uhich maltose is usually obtained with other 
reducing sugars, a solution of the y5-fonn shows mutarotation 

Although maltose is not found as such in nature, another disacchande, 
D-lactose, occurs in the milk of mammals On h\droKsi«, lactose gnes 
D-glucosc and o-galactosc, in the intact disacchande, the^e two mono- 
sacchandes are also joined b\ means of a l,4-gl\ cosidic bond, the carbon 
1 of galacto-e being linked to carbon 4 of glucose by an ov^'gen bndge 
Honever, the configuration about carbon 1 of the galactose unit is p, 
hence lactose is a y?-gh coside, and roaj be designated -S-f^-ivgalacto- 
p\Tanos\l)-D-glucopjranose In contrast to cow’s milk, human milk 
contains, in addition to lactose, other oligosacchandes such as n-fucosyl- 
lactose, m which L-fucose (p 411) js bnked to the hjdro^l group at 
carbon 2 of the galactose residue 

J BeJl Ann Heps 52, 333 (1936) 
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(2-ammo-2-deo\> -D-galactose) Glucosamine and galactosamine maj 
be determined colorimetncallj bj treatment Tilth acetjlacetone, followed 
by the addition of p-dnncthjIaininobenzaIdch>de^^ These two amino 
sugars occur m poljsaccliarides m the form of their N-acetjl deriintues, 
which can also be determined b\ a colorimetric method” Valuable 
rcMcws on the cliemistrj of the 2-araino sugars ha\e been prepared by 
Foster and Staccj” and bj Kent and V hitehouse It ma> be added 
tliat a 3-ammo sugar (3-amino-3-dco\T-D-ribosc) lias been shown to be 
a constituent of the antibiotic puromtcin (p 206), and that N-metlnl-L- 
gluco«aminc is a constituent of the antibiotic streptoma cm 
Manj of the monosaccharides mentioned nbo\c lia\e been isolated 
from biological sources not onlj as such, but also m the form of phos- 
plioric acid esters Since the work of Harden and Young (ca 1910), 
who identified fructosc-l,6-diphosphate as an intermediate m tlic fer- 
mentation of glucose bj jeast, numerous other sugar phosphates ha\c 
been found m nature As will be seen from the later discussion of the 
metabolic pathwnTS m the breakdown and sjnthcsjs of cirboh\drates, 
plio'jihorjlatcd dcriTatucs of scacral monosaccarides (glucose, galactose, 
mannose, fructose, ribo«o, glucosamine, etc) arc important intermediates 
in carbohjdrate nictaboli«ni 

As with otiicr compounds of biochemical interest, tlic separation, 
identification, and cstimition of monosaccharides (and their dcri\ati\cs) 
lm\c been notablj furthered bj the introduction of chromatographic 
tochnique-” For paper chromatographe (p IIC), a \arict} of sohents 
(e g , phenol-water) has liccn u«cd, and the chromatograms are spra\cd 
with a reigent such as an ammomacal solution of siher nitrate (reduc- 
tion to «il\cr), another t\pt of reagent depends on the reaction of 
aromatic amine*' (eg, aniline) or phenols (eg, orcinol) with furfural 
del i\ alia c^ produced on treilmcnt of sugar'* with icid (cf p 407) 
^ugar pho-phatc* ma\ be identified on paper chromatograms b} treat- 
ment with an acid solution of ammonium inoljhdatc to hjdroKzc the 
C'ter and to form the blue pho'-phomoUbdatc In chromatographic 
studit', adiantage has been taken of the formation of a complex ion 
between \ molecule of bone acid and two neighboring cis-hjdrovjl 
group*, if a ‘“Ugir lias such a •'trueture, it*- Up ealut (< f p 118) in a 

‘*C J M Itoiidlc iind U T J MorKWi, //ifK*/** m / , 61, 5.SC (lOao) 

1 Itriv iR tt nl J Ill'll Chim 217, 0»a (19>'5) 

• \ 11 I O'tcr nnd M irr\ Ir/iAnrc^ in Cmhithyilrnfi C/irm, 7, 217 {19 j2) 
>'*1* U K»ntnn'tM //locAfWMlrj/ «/ l/ir ^Imino Styy/irj, Uuttor- 

wortlid ‘Nirntifir I’lililn Uinii* I onJon 

\ 1 hrmoo.1 lint Mdl Hull 10, 202 (ia’>l) G N Kowkilnm Xtlxanccs 
m /mfc CArni, 9, Sai (1051). limklfT Ond 10 , 5.) (19V.) 

llintonixll \ I liorHivnl Xoluri, 161, HOT (ia|9) 

\ /ittlo tdiftnrrj m In 12, (lOal) 
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^^hlch IS 6-(a'D galactopyran(>sj})-»-glucopyranose Melibjose occurs 
in certain plant products (beet molasses, cottonseed bulls) as a constituent 
of the tnsaccliaride rafhno'c Other disaccbandcs nith I,b-g}>cos)dic 



linkages are pnmcvero'e (6-(;9-D-\>lopyranos>l)'D'glucopjranosc), 
Mcianosc {6-(/9-L“arahopjTanos}I)-D-gIucopyranose), and rutinose (6*{^- 
L-rhamnosyl) -n-glucopj ranosc) 


OH 


OH 

MclJbio»e(fl«fonn> Pnm«\ we {g-foTm) 

The naturalU occurring tnsacchandcs include tlic nonreducing sug'ir 
gentianofc, composed of 2 molecules of glucose and I of fructose, and 
ralTmose, uhich on bjdroijsis jiclds glucose, fructose, and galactose In 





flaffinose 
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Anotlier l,4-/3-gl>cosidc of biochemical interest is ccllobiose, i disac- 
cliinde formed on the dcgrnhtion of the import int polj ‘>'icclnnde 
cellulose On hjdroh«is, celiobio«e Melds D-glucose and nn} therefore 
be designated 4-(/3-D-glucop\ r mos-vD-n-gUicopjr.ano^e Ccllobiose and 
malto«c aic identical in structure cvcejit for the mode of linkage betneen 
tlie glucose units The three disaccharides mentioned abo\e (maltose, 



OH CH^OH OH CH 2 OH 

Lwwie (fl-fam) Cellobiose (5-fonn) 




Tr«hal»te 


SOCTOM 


lactO'*c, ccllobio'c) arc all icducing sugars and form characteristic 
0 '«i«onc- On the other liand, the di«at<liaridc Microsc not a reducing 
biigir, ‘‘ince the gUco'idic bon<l ineoKcs the li>dro\>l at carbon 1 of 
I)-glucop^^mo■•c and the ludrowl at carbon 2 of D-fructofurano«c, thus 
blocking tlie reducing group'- of Imtli inono'accharidc'* Sucro-c maj be 
dc'-ignatcd a-u-glucopj r ino^al-jg-D-fructofuranoMdc, a'* indicated m the 
formuli Sucro-e is fouml a*? such in all photo-j nthetic plants, and is 
perlup" the ino't important »)f the Itiu-inolcdilar-w eight carholndratcs 
in the luturd diet of annnilv The current world production of sucrose 
is approxim itt b d'l niilhon tons per \ t ir, onc-third is made from sug ir 
Ixcts and two-thirds from sugar cine 

\nothtr naturalU occurring, nonreductng disacchando is trclmlose, 
found in fungi and ^elst^, which his been formulated l-(rt-n-gluco- 
p\ r uiO'\ l-n-n gluoopi r ino'idi Irdmio'c his liccn identified as tlio 
pnncipdt irholiMlriti componint of the blood (hcrnohniph) ofniarietN 
of m'i(ts=‘ 

Vniong tilt other di*a(cli iridc' of bioclKiiucal intcrt'-t is gcntiobio-c, i 
constituent of the n ilurnl gUeo'-idt aln^gdallIl (ji 410), gentiobio'e i** 
di'ignittd 0-(/i-n-ghicoi)\riiM>'.\l)-D-glucop\rano'e \notlitr di-ic- 
<h \ru\o charirtenze<! b\ the prt'tnct of n l.G-gKco^idie bond i>- inelibio'c, 
(t H Uintt nnd G I Half J Gen Vhynoi 10, KW (10 j?) 
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amjlascs) m all cases jieWs luaUose as the principal product (p 433) 
Since maltose is a(l-»4)glucosylglucose, there must be present in 
amjlose a(l-^4)>gl>cosidic linkages Conclusne eiidence that the 
glucose units of ain\lose are ]omed bj such (1—^4) bonds v\as obtained 
bj means o? the meth j lation technique de\ eloped bj Haworth for the 
determination of the structure of ohgo- and pol> sacchandes In this pro* 



la 4 8-Teba»rt}>yl- 
{3‘tom) 


cedure the carbohjdrate is treated uith dirncthjl sulfate [(CHalaSO^l, 
which reacts with the free hjdroxj! groups to form ether groups 
( — OCH 3 ) stable to hjdroKsis with acid For eviinplc, the methjiation 
of sucrose gl^cs an octaraetlijisuerose winch on hjdroljsis jields 2^,4,6- 
tetrameth> 1 glucopj'Tanose and 13 , 4 , 6 -tetrameth>lfructofuraiio 5 e, as 
shown These products can anse onl> if the glj cosidic bond of sucrose 
links carbon 1 of glucose to carbon 2 of fructose If amjlose is treated 
in a similar manner, the principal product is 2,3,6-trinicth\lgluco'=e In 
addition, a small amount (about 05 per cent of the total product) of 
2,3,4,6-tetraracth>Iglucosc is formed This result maj be evpiained best 
b> the formulation of the am> loses as long chains of glucose units 
joined together bj means of o(l~> 4 )-gljco?idic bonds, the glucose unit 
at the nonreduemg end of the polj saccharide chain is thus con^ cried to 
the tetramethjlglueose, and the relatne proportion of this product to the 
tnmetlnlglucosG formed gues a measure of the length of the poljsac* 
chande chain Clearlj the glucose unit at the reducing end of the 
amjlosc IS comerted to n 1 ,2,3,6dclrameth% Iglucosc unit on methjiation, 
but the — OCH 3 at carbon 1 is cleaaed upon lijdroljsis of the mcthjHted 
amJlo^c This “end group method” for polj sacchandes has permitted 
the Lbtimation of the a\erage chain length of seaeral amjlose prepara- 
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naming tn&accharidcs and higher oligosaccliandcs, tlic nature of eacli 
gljcoMdic bond is denoted as shown m the designation of rifllnosc 
as a-D-gaIactopjranos}l-(l--»C)-a-D-glucop\ranos}l-(l->2)-/3-D-fructofu- 
ranosidc Gentnnose and raffinosc-- ha\c been isolated onlj from plants 
It IS noteworthj tint tlic \ anet\ of oligo-acclnndcs in the plant kingdom 
appears to be considerabh greater than that found in the tissues of 
animals 


N 



Polysaccharides 


The poh saccharides maj be separitcd rougblj into two broad groups, 
the so-called “skeletal” or “structural” pol> saccharides, which scrNc as 
rigid moclnmcal structures in plants and animals, and “nutrient” polj- 
•■acclnridc*, whicli act as a metabolic rescnc of inonosacchandcs m plants 
and animals In addition to the substances that maj readil} be fitted 
into one or another of these two groups tlicre arc still other poIj«ac- 
chandcs, principall) domed from bacteria and fungi 
Because of their importance m metabolism, the nutrient pol> saccharides 
will be considered first In plants, the rcprcsentati\cs of this group arc 
tlic starches and inulin The starches occur in the form of grams m mnnj 
parts of plants and are cspecialN abundant m cmbrjonic tissues (eg, 
potato tubers or ricc, wheat, or corn seeds) where thej sene as resene 
stores of carboh\dratc for the nutrition of the dc\ eloping plant The 
starch grams of plants differ m size and shape and ma> be identified 
micro'-copicallx Xcirh all starche5^ ire composed of a mixture of two 
different kl^d^ of jioh '•accliaridcs, both of winch jicid D-glucosC on 
coinjiktc li>drol}«is, and arc termed nmj loses and nmjlopcctins rcspcc- 
tuch Ihc nm)Io«cs gi\c a deep blue color with iodine, and the 
amj lojicctms gne a rod to purjilc color witli this reagent Potato starch 
containc about 20 jicr cent of the am>lo'-e component, and nianj other 
st irclic.* hue a *-miilar proportion of aimlo-e, a not ihic exception is 
the ‘■t irch of w i\\ com, winch is pratticalh free of nnnlose Mctlioda 
are a^ uhble for the separation of the aimlo'Cs and amj lopcctins from 
one anothcT, and sittidie- hue been conducted on the mode of linkage 
of the glucose unit'! m each txpe of poK'-accharidc 

Prep iratioiis of potito amxJo-c mn> be fractionated into components 
whieli h i\e jiartielc weight*? ranging from about ^000 to 150,000, wherea*? 
the aim lo'C*. of ‘•(cd- ma\ cent un conipomnts a® 1 irgc as -100,000 The 
anulo'Cs ire therefore inhoniogeneou*- in cornpocition IIowc\cr, the 
mode of linkage of the mono- icchandc units nppeirs to be tlic came for 
dl the roinponcnf*- ‘■met (nzxniic ludrolj*'!*. (1j\ ghcocidace" known as 


-•I) I rrnch P/tanres in Carbohf/dratc Chftn 9, 119 (19>l) 
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structure The partial structure of an atn>lopectin, shown on p 419, 
IS intended only as an approximation since it is possible that a few cross- 
Imkages imohing hydroxjls at positions 2 and 3 may also be present 
Indeed, e\idence for the presence of a few a(l— ^3)-gljcosidJc bonds has 
come fiom tlie isolation of 3-{tt-D-glueop>ranos>l)"D-glucose (nigcrose) 
from partial h> drolyaates of amylopcclm “■* 

It will be clear from the relatnelj laigc amount of diraethylglucosc 
found b> the end group assa'V of am) iopcetm that there are a considerable 
number of cross links (hrgel> (l-^G)-gl>cosidie bonds) The am>io- 
pcctin of nee starch (molecular weight about 500,000) appears to ha\c 
80 to 90 cross-hnked chains, each of which represents i linear arraj of 
about 30 glucose units joined bj (1— >4)-gl>cosidie bonds Howe\er, 
am) lopcctins obtained from different starches exhibit \ar 5 ing degrees of 
ramification As with the am) loses, a gi\cn preparation of an amylo- 
pcctin may consist of particles of \ar)mg molecular weight, and these 
\anations arc probabl) the reflection of differences m the extent 
of ramification Excellent rcMcws on the chemistr) of the 
starches ma) be found in the articles by Hassid-* and b) Mejer and 
Gibbons “ 

Another method for the determination of the length of (l-4^4)-gl)C0Sidic 
chains m polysaccharides m\ol\cs the use of periodate"'^ It will be 
recalled that this reagent clca\cs carbon— carbon bonds when both 


carbons bear free hydrox) 1 groups (cf p 56) If amylose is treated w ith 
periodate, all such linkages are split, m the manner shown, to )ie{d 3 
moles of formic acid per amylose chain One mole of formic acid awes 
from the terminal nonrediicing end of the chain, and 2 moles come from 
the terminal reducing end of the chain The formic acid I'l estimated 
b) titration With amylopcctin, winch is almost free of terminal 
reducing groups, onlj one mole of formic acid is formed per 
gljeosidic Cham The periodate method of end group assa) is loss 

-^M L WoUrom and A Thomp^soo, ^ Am Chem Soc, 78, 411G {195G) 

Z Hassid rc<?eronon Proc, 4, 227 (1915) in H Gilman Organte Chemistry 
^7 Chapter 9 John Wilej A Sons, New "iorL, lOaS 

H Meyer and G C Gibbons Adtwneca in Emymol, 12, 341 (1951) 

M Bobbitt Adx.^nces m Carbohydrate Ckem, 11, I (1956) 



CH 2 OH — HCHO 

-HCXIOH 




CHEMISTRY OF THE CARBOHYDRATES 


419 


C»20» 


CHjOH ! CH^On 

Ov : /) — 0^ 



MeO OH 

I I 
OMe 


OMc 

2J£*Tmi>»thyI|lun>pynno(< 



tion<5, in amjloso of molecular n eight about 35,000 Ins ibout 200 
gluto>c units 

When tlic end group as'-a} is applied to prcjiarations of nmjloiicctin, 
tlic products arc 2,3,C-triinctIi>lgluco«c (about 91 per cent), 2,3, 4,0- 
tctrinictinIghico"C { ibout 4 per cent) and 2,3'(hmcth>lglucosc (about 3 
per cent) Die iKilation of a relatuelj large quantity of tctrainethjl- 
gluco'o indicates that the chain of gluco«c units linked bj (1^4)- 
gljcu^idic bonds must be shorter in ain>ioptctm tlmn m anijlo*e 



I urthirinorc, the fonnition of the dinuth\IglucO'e '“Iiouv that the G 
position of ‘•omt (d tli( gluoOM unit- in un\lnpirlin i'- al^o iruo!\t<l in 
j.I\coMdic linkage Ihu', the G-h\dro\\I of tJu'C gluro't unitv pjrtici- 
piti' m (I-*(i)»gI\oo«idK -iKind-^ which ‘•«r\c to (rn-'.-lmk the indi\iduil 
“Iiort c}iain-> (ai»out 2-1 to 30 gluro'C unit*-) Thi' rc'ult« in a rttnifKd 
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precipitation by alcohol Among the methods for the determination of 
gl} cogen are colorimetric procedures imolvmg iodine or anthrone as 
the reagent^® 

The most important of the so-called structural poI> saccharides is the 
cellulose of plant* On complete hydroljsis of cellulose, n-glucose is 
formed, partial hydroljsis of the poij saccharide gues the /?-glycoside 
cellobiose The pnncipal product obtained from cellulose bj the Hanorth 
end group assay method is 2,3,C-trunethjIglucose, at most, about 0 5 
per cent of tctraraethylglucosc is found It maj be concluded, therefore, 
that cellulose represents a linear arra> of o-glucopj ranosc units joined bj 
/?(l-?4)-glycos2dic bonds Studies on the particle weight of various 
celluloses, as determined m the ultraccntrifugc, ha\ c gi\ en \ alues varj mg 
betuecn 100,000 and 2,000,000 The large particle weights found for 
“natue” cellulose arc a consequence of the aggregation of mdnidual 
gl>cosidic chains (molecular weight about 35,000) , it has been suggested 
that in such aggregates there is a parallel orientation of the chains with 
respect to one another 

In higher plants (eg, maple, wheat, sugar cane), cellulose is accom- 
panied b\ poljmenc noncarbohjdrate material termed lignin, which 
maj represent 15 to 30 per cent of tlie dry weight The stiucture of the 
lignins 18 unknown, but it is beheicd that p-hjdro\jphen} Ipropanes 
demod from coniferji alcohol, or some clo'clj related compound, are 
the fundamental repeating units, mctho\> groups usually arc present 



Conifers! olcohoi %«DiniD SynreBWehycle 


ortho to the plicnolic li>dro\>i group Oxidation of Iignm preparations 
(from wheat) with nitrobenzene in alkaline solution produces p-hydro\y- 
benzaldeh>de, \ millin, and sjnngaldehjde 

An important structural pol j sachande of jeast is mannan, composed of 
D-mannose units linked Jargelj bj (1-^2)- and (l-»6)-gljcosidic bonds 
Mannan is present in the cell wall, and constitutes about 16 per cent 
of the dr>' weight of baker’s jeast A related group of mannans occurs 

30 J >'»nderViM,^jocAcw y, 57 , 410 ( 1954 ), N V Carroll etal J Biol Chem. 
220 , 5S3 (1050) 

31 K Fremlrnbcrg, Forlschnlte dir Chemte ordam^chcr NalursloUe, 11, 53 (1031), 
\\ J bcliu)>f‘rt and F F Nonl, Adtance% in Enzymol , IG, 319 (19*7) 

32 G ralcooo and J ^^ckc^soD Saenee, 124, 272 (1956) 
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time-consuming than the moth\lfttion technique of Hiuorth, the results 
obtained b^ the t^o methods ha\e been esscntialh concordant-' 

As noted abo\c, anotlier nutrient P 0 I 3 saccharide found among plants 
IS inulin, ^\liich occurs in artichokes, dahlia bulbs, etc , and ^hich jiclds 
D-fructose on hjdroljsis Tlie application of the Hauorth end group 
assaj method to tins poh saccharide has indicated that inulin represents 
a linear arra\ of about 33 fructofurano«c units joined together b\ mean*' 
of ^(2-^1 )-gl\cosidic linkages There appear to be a small number of 
D-gluco-e units in inulin 

In the cirbolndralc metaboli‘ 5 m of animals, the important reseiae 
polj saccharides arc members of the group of substances gi\en the 
colIecti\c name 'gl% cogen " Glj cogen is cIoscU related in chemical 
structure to am\lopectin, it gi\cs a broun color uith iodine The 
glj cogens appear to be much larger in molecular size than the amjlopec- 
tins, particle weights of the order of 1 to 4 million ha\c been reported 



Flo ' Sclicnntic rcprO'cnlntion of pKcopcn moicculo IFrom K H Mcjrp 
IcitaHCfi in f mytiwl 3, 109 (1913) ] 

The gbeogen- from numerous mimal (is«aics ha\e been ‘subjected to 
mctiialition and hadroU‘'i‘*, to periodate oxidation, or to succc««iao 
tnzMuic dogridation (tf p 444), and the results indicate tint this group 
of poKeacrlnridts ik chanctcrizctl In a liighK ramified structure (cf 
I ig 1), in winch straight-chain arra\s of 11 to 18 D-gIucop\ rano-c units 
(III o{l-*4>-gl\c(*‘-i<Iic hnkngi.) arc crO'«-lmkcd In me m? of a(I-»0)- 
gKco'idic bond'' ” 

Cilvtogin nn\ he i-olatcd In treatment of anmu! ti'^mcs (Incr, 
imi-ric) with hot concentrated JvaOII, in which it i« ‘•table, followed b\ 

•* \ I nnd at / Hi* t<l J Am Chrm 70 Sl'iS (191S) D J 

Mmnrr' nnil \ H \rrhilnM J Chrm Soc, 1937, 2?0<> 

-' \ IMtiifr /iior/icm J 10, 3X9 (1951), I I Ihr t Pror Chrm 1937, 1*13 
^hlamowitr J Iho! Chrm Ilia 145 (t9oi) M \klif r and F Smith 

J Irrj Chrm ^oc 73, ‘01 (IDjI), B Itliniptorth ct al , J Utol Chem 199, 
mi (ino2) 
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polysaccharides are hyaluronic acid and the chondroitm sulfates, these 
substances are members of a group designated “mucopolysaccharides,” 
in which ammo sugars and uronic acids are the principal units of 
structure‘s^ Hyaluronic acid is a collective term gi\en to the muco- 
polysaccharide obtained from tissues such as the \itieous body of the 
eye, the umbilical cord, and the synovial fluid of joints The high 
viscosity of s>no\ial fluid and its role as a biological lubricant is largely 
a consequence of its hyaluronic acid content (ca 0 03 per cent) Hyal- 
uronic acid also appears to serve as a cementing substance (“ground 



substance”) in the subcutaneous tissue As judged by physical-chemical 
studies, hyaluronic acid preparations behave as highly asymmetric 
particles of considerable weight (100,000 to 4 million) This muco- 
polysaccharide IS composed of units of o-glucuronic acid and N-aoetyl-n- 
glucosamine, and appears to be a linear nolymcr in which the disacchande 
K-acetylhyalobiuronic acid^® is the principal repeating unit Hyalo- 
biuronic acid has been isolated from partial hydrolysates of hyaluronic 
acid and shown^° to be 3-(j8-D-glucopyranosyl uronic acid)-2-amino-2- 
deo\y-D-glucopyranose The sulfuric acid ester of hyaluronic acid is 
termed “mucoitin sulfate”, its presence in gastric mucosa has been 
reported 

The group of sulfatcd mucopolysaccharides includes chondroitm 
sulfate A (present in cartilage, adult bone, cornea), chondroitm sulfate 
B (present in skin, tendons, heart \al\es), and chondroitm sulfate C 
(present in cartilage, tendons) On hydrolysis, chondroitm sulfates 
A and C yield approximately equivalent amounts of n-glucuronic acid, 
D-galactosamine, acetic acid, and sulfuric acid A disacchande (chon- 
drosine) has been isolated from partial acid hydroh sates, its structure 
IS similar to that of hy alobiuronic acid, except for the presence of a 
galactosaminc residue in place of the glucosamine residue Hyaluronic 
3TK Me3er Ilartey LccIutcs, 51, 88 (1957) 

39 T C Lauront J Biol Chem, 216, 263 (1955), L Varga, tbtd , 217, 651, 
(1955), J \\ Rowon ct al , Biochem el Biophys Acta, 19, 480 (1950) 

3»B WcKsmann ct al , / Biol Chem, 200, 417 (1954) 

•»»B -Weissmann and K Me>cr, J Am Chem Sue, 76, 1753 (1051) 

Mcicr ct al, Biochem el Btvphya Ada, 21, 500 (1956) 

••SEA Da\ia«on and K Mejer, / Am Chem Soc , 76, 56S6 (1951) 
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in the ivorj nut, the D-mannop\r‘inose units of these poh saccharides are 
joined b} j8{l— »4)-gl\ co«idic bonds 

Another structural poh saccharide of plant tisues is \alan^^ (associated 
w ith cellulose in ood) n Inch on complete h> droh sis is largely cona erted 
to D-\jIose Tlicsc pentose units are bclicaed to be joined in chains of 
20 to 40 D-v\lop>ranosc units bj means of /S(l— *4)-gK cosidic bonds, 
there is eaidcnce for cro«s-linkngc betucen such straight cliains b} means 
of (l-»3)-ghcosidic linkages In addition to d-\jIo5C units, \jlan (from 
wheat straw) contains L-arabinosc units 

Main plant tn'^ucs, and cspcciallj fruit, contain rcprc«cntati\ cs of ^tt 
another group of ‘•tructural polj saccharides, termed pcctic acids, which 
appear to be long chains of n-galacturonic acid units (p\ranosc form) 
joined in a(l— »4)-glj co-idic linkage, the molecular weight of tlie pcctic 
acids from \arious fruits rangc« between 25,000 and 100,000 The^c 
acid«5 arc found as components of the plant materials named “pectins,” 
which also contain poU saccharides composed of galactose (galactans) 
or arabinosc unit* (araban«) 

A second poh«accharidc in which the repeating unit is a uronic acid 
IS alginic acid, found in the brown marine algae, here n-manmironic acid 
units arc joined to one another b\ means of j?(l->4)*gl%cosidic linkages 
to form long chuns’*'' i^Ouluronic acid (the uronic acid derned from 
L-gulo'*o, cf p 401) nho i« p^c^cnt in alginic acid V third group of 
plant poh‘-a'’chandcs that contain uronic acid units are the “hcmiccllu- 
IO'C!>” of woodj ti«ucs, on acid h\drolj«is, these nntcrnls jicld d- 
glucuronic icid and i»-\alo«o‘'‘‘ 

\n import int ‘•tructunl poh-icehiruk of in\ ertehrates is tlie “ub- 
st incc tennid cliitin, which ic found m large unounts m the shells of 



loh'tor*' and crih« Chitin appirenth consist'! of units of X-acctjI n- 
glucd- nmm joined to one motlur b\ mcaii" of /3(l-^4)-gKco-idic hoiuk 
\mnng tlic uninal c irhoh\ dr it< •> lliat m la be thought of a*' structural 


It I WliitJir \(lintiet < lu CcThithvtIratc Chrm 5 2C9 (19j 0) J I’olgh«r 
10 , 2<l ( 10 . 5 ) 

*‘l I Ihisl Tod J K N Jon*** \iltann % m CnThoht/ilmlr Cl rtn 2, gl. (I9|(i) 
“ T ^If)rl it/inurrt i-i CathtiKiiilmti Chrm 0 Uf, (10^1) 

’■*11 Motiigonun <l al J Iw Clem s,tr , TH, 2'vl7 (19oC) 
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“ovomucoid” and is an inliibitor of pancreatic trjpsin (Chapter 29) 
Ovomucoid contains N-acetjlglucosammc and mannose in a molar ratio 
of 1 1, and has a particle weight of about 28,000'^^ 

The nbov e mucoprotcins from plasma, urine, submaxillarj gland, and 
egg white all arc characterized b> the presence of an acct>lhcxosamine 
(presumed to be N-acetyl-D-glucosamine) and a hexose (mannose, galac- 
tose) in tlie poHsaccliaride portion In addition, common constituents 
of these conjugated proteins are i.-fucose (p 411) and sialic acid,®- the 
structure of the latter substance is probablj that shown in the accom- 
panjing formula On hydrolysis by alkali or bv a glycosidase present 
n come bacteria, siahc atid 3 Jclds pyruvic acid and N-acetj’l-n- 
inannosamint, the latter epimerizcs readily to acetjlglucosamme 

COCH3 

OH OH NH OH OH 

X i » If 

HOOC— C— CHa— CH~-CH--CH— CH— CH— CH 2 OH 
0 - 

Siatie aetd (N occOloeuntminjc acid) 

Sialic acid appears to be identical with “lactaminic acid,” a constituent 
of cow’s colostrum^* (milk formed immcdiattl) after birth), and with 
“gvnamimc acid,” a constituent of human milk^^ It is probablj the 
N-accljl derivative of “neuraminic acid,” a cleav'age product of the 
Eangliosidcs'*'’ (Chapter 23) Tlie N-gI>coIjl (HOCH 2 CO — ) derivative 
of neuraminic acid has been identified in mucoprotcin from pig sub- 
maxillarj ghnd The detection of neuraminic acid denvatu'es is facili- 
tated bj their direct reaction with p-dimethjlaminobcnzaldehydc to form 
a purple compound 

The manner in vvhicli siahc acid and the other monosaccharide units 
of tlie mucoprotcins are bound to each other, and to the protein portion, 
has not been elucidated It is of interest that the abilitj of several 
mucoprotcins to inliibit the clumping of red cells (hemagglutination) 
induced by heat-treated influenza virus particles appears to be associated 

Line«e'i\er and C W iVIum>, J Biol Chem , 171, SG5 (1917) 

®-G BIix ct al Nature, 175, 340 (1955) 

\ GoUsclnlk \ah J Biol Med 2», 525 (1950), R Hcimer and K Me>er, 
Proc Natl Acad Sa , 42, 728 (I95G) 

5*11 Kuhn md Jl IJro«sncr Ber chem Ge«, 09,2471 (1956) 

5*r Zillikcn et al Arch Btochem and Bwphys, 63, 394 (1950) 

KJtnk nnd H Taillird, Z phynol Chem, 293, 230 (1954), E Klenk, 
Angev: Chem 68, 319 (1956), E Klenk and G Ulilenbruck, Z phynol Chem, 
303, 224 (1950), 307, 2GG (1937) 

5^ A Gotlschalk Biochim el Bwphyi 20, 500 (1950), 21, 619 (1957) 
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acid and chondroitin sulfates A and C have, therefore, a similar funda- 
mental structure in their polv sicchande chains The name chon- 
droitin Ins been given to preparations of cartilage mucopolv saccharide 
composed of glucuronic acid and galactosamine units, but which contain 
little or no sulfate The uronic acid of chondroitin sulfate B appears 
to be L-iduronic acid-*-* (dciivcd from L-idosc, cf p 404) 

Animal tissues (liver, lung, •spleen, etc ) contain a group of mucopoh- 
saccharidcs denoted “heparin” (see review bj Foster and Huggard^®) , 
these substances are potent inhibitors of blood coagulation (Chapter 29) 
The complete hjdroljsis of heparin gives glucuronic acid, glucosamine, 
icotic acid, and sulfuric acid The la^t-naincd component appears to be 
linked not onij to tlic sugar hvdrowl groups, but il«o to the ammo group 
of the glucosamine units to form sulfamic acid groups ( — NHSOoOH) 
The particle vvciglit of iicparm is about 17,000 \ hepann-Iike material 

containing galactosamine in place of glucosamine has been described,*'* 
it ma> be identical with chondroitin sulfate B 
Man} of the niucopol} saccharides arc present m tlie tissues as prosthetic 
groups of conjugated proteins to which the terms “gl}coprotcins,” "muco- 
proteme,” and “mucins” liavc been applic<l'‘’ A portion of the chon- 
droitin sulfate of cartilage is bound to protein,*® and hepann is probablv 
present in the ti««5uea in the fonn of a carbohvdratc-protem compIc\ 
Among tlic niucoprotcin' is incUidc<l a vanelj of conjugitcd proteins m 
whicli the carbohvdratc is a neutral poljsncclmndc, containing hc':- 
osaminc and otlicr sugar rc«ulucs, but no glucuronic acid or sulfate 
Such inucoprotcin‘‘ are present in the «i- and oj-globulin fractions of 
human plasma (cf p 19)*’ Flic ai-mucoprotcm 1ms been obtained m 
crvstallme form and found to contain about 17 per cent lie\o«c and 12 
per cent hcsosauunc Its pirticlc weight is about 44,000 This protein 
ipjiiars in the urine of patient^; with proteinuria A different muco- 
protcin ha® been isol itcd from the urine of normal human subjects-'® 
Other conjugitcd proteins containing a neutral mucopolv saccharide as 
the jirosthetic poup Imvo been obtained fnun subuiaxillarv muco«a and 
from egg white The imicoprotem from the latter source is termed 

**1 A nn ninl 1\ MrMr, J Piol Cfccm , 211, CDS (IDSl) 

I’ IIofFiinn ct si Sru/irc 121, l2o2 (iao6) 

1$ loHtrr nnd A J IIoBc-inl Adxanccs m Curbohydratc Chem, 10, 
335 (laiS) 

MAH»ot nn<l A \\ mte p*trm Ilrli Chtm Actn 31, 2311 (1951) 

McM-r \dtnncfn in Protein Chem 2. 219 (1915) , M ‘St-jrev At/inncci in 
Cnrhoh], Irate Chem 2, ICl (1910) 

''hnlton nnij M *!t!uilirrl J Ihol Chem, 211, 5G5 (1951) 

‘'chmid J tin them **oe 75, CO (19 13), /luWurn et Piophi/s Aeta 21 
3'« (19,0) 

-**1 Tamm and 1- I Hor*!-!!! / Fxp Med, 93, 71 (19o2) 
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Enzymic Cleavage 
and 

Synthesis of Glycosidic Bonds 


Among the monosaccharides, o-glucosc occupies a unique place in the 
metabolism of most biological forms The chemical transformations of 
this sugar lead to the release of energy nhich can be used to drne 
endcrgonic reactions in ncarl} all organisms In the preceding chapter, 
It ^as noted that glucose occurs in nature, not onlj m the free state, but 
also as a component of oUgosaccharidcs and polysaccharides In order 
to make the monos'icchande available for metabolic transformation, the 
gljoosidic linkages of these polymeric sugars must be broken This 
clea'vage of glycosidic linkages is effected in biological systems by tivo 
general mechanisms The first m\ohcs the liydrolysis of a glycosidic 



OH OH 


bond, v.ith the incorporation, into the hydrolytic products, of the elements 
of n atcr The second general mechanism inr oh es tne “phosphorolysis” of 
a glycosidic bond, le, the addition of the dements of phosphoric acid 
Both general types of reaction arc catalysed by' specific enzymes 

Glycosidases ' 

The glycosidases (also termed carbohydrases) cat'll} zc the hy'droly sis 
of glycosidic bonds The specificity of these enzymes may he ilefined in 

1 'VV U Viymaa J Jlcseanh Natl Bur Standards, 30, 257 (J9I3) 
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^Mtli the sialic acid portion Vtbrio cholerae contains an cnzjme 
(“receptor destroying enzyme”) tint .il)oli-hcs tins property of muco- 
proteins by' splitting ofT the sniic acid portion 
Among the inucoprotems ma\ also be included the “blood-group sub- 
stances In 1900, Landstemer ® showed that the tendency of human 
er^throc^tes to agglutinate differ* depending on the presence in the 
red cells of a blood-group ‘^ub-tance A or a blood-group substance B, 
and on the nature of the «ul)«tanccs (“i«oagglutinins”) m the senim that 
cau'-c aggkitination Tins di^coxerj led to the recognition of four 
gencticalK controlled blood-gioup characters, denoted A, B, AB, or 0 
(cf Table 3) Tlie cr\throc>tes of group A indi\iduals arc agglutinated 

Table 3 Classification of Blood Group Substances 

Serum \gj^lutination of Red Cells of Tj^ie 

Blood Group Isoagghitimns A B AB 0 

A — + -f — 

B a + — + — 

AB none _ — — 

0(11) a and 0 + + + — 

by group B or 0 scrum, and group A ‘•crum (contains /y-isoagglutmms) 
agglutinates red cell- of group B and AB only Group B cells are 
agglutinated by group A or O 'cniin, and group B scrum (contains 
o-roagglutinins) agglutlnatc^ onh A or \B cell- Group AB scrum 
docs not contain either agglutinin, and group AB colk arc agglutinated 
b\ «cra of all the otlicr three typc^ Group 0 red ecu': are not agglu- 
tinated by stra of the otiur three group'*, and group 0 serum contains 
both n- and )0-iso igghitmm': Group O cells contain a blood-group 
«uh‘*tance designated ‘0 or ‘ 11 ’ If the red cclN of one of the blood- 
group typc^ 1 - injected into an aiiiuul, the t\pc '>ptcific luucoprotem 
act*; a-s an antigen ainl elicits the fornntion in the recipient of an anti- 
hoi|\ tliat nct<5 as an igglutinin The action of norinil and of indmcd 
agglutinin-!, ]*> mhilnled Iw the corre -ponding antigenic mucoprotcin 
rims prcpirations of hlood-group B suhst mrc inhibit the I'-olicrnagglu- 
tination of group B tclN In nitiiril liuin in /^-isoagghilinm or by the 
intilioch iggUitinin produced in in inmnl b^ injection of group B 
cell- bnuc the e irl\ work of I indsteimr, blood-group characters other 
thin B, \B, ind () h nt been discoiired, among these is the “I twis” 
cliirirtcr, assooiitc«l with the It grouj* Milistancc 

Hie t\pt speeific blood group ‘•iihstanccv irc not onl\ found m tlie 

‘‘1 \ Knhit Jlinni Oriiup '^utflnnrrK \fnclrmu I'n*- Nfw ^ ork. toy, 

-••K LtikI tMiiir 111 of *^i mlttyiral /unrOfirn Uf> Id Ilarsanl 

tni\«r«il% I’rr « C untindj.'" 
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specific action on maltose may not be a h>drolytic one The ^-glucosi- 
dases arr nidelj distributed m seeds, molds, and bacteria,® they base also 
been found m manne in-i ertebrates The best-studied representative of 
this group IS derived from almonds, it was named cmulsin by Liebig and 
Wohler in 1840 The substrate used by these early workers was the plant 
glj co'-ide amj gdalm (p 416) , which is cleaved at both ;S-gl> cosidie bonds, 
with the formation of two equivalents of glucose and one equivalent ol 
d-mandelic acid nitnlc, the latter is further decomposed to form benzal- 
dehyde and HCN The work of Hclfench and others has shown that the 


Amjgdahn — * 2 Glucose + 



--^CeHsCHO + HCN 


nonsugar portion (the "aglucone") of a ;?-glucosidc may be varied con- 
hiderabl) in substrates of the enzyme (cf p 276) ;3-Glucos5dascs such 
as cmulsm also act on a variety of oIigo«accliandes containing a j8-glu- 
cosidic link (eg, cellobiosc) 

Two groups of cnzjmes are specifically adapted to the hydrolysis of 
a- and ^-galactosides The a-galactosida^es occur principally m yeasts, 
molds, and bacteria, and, since they cleave mchbiose (p 410), frequently 
arc termed mchluascs Representatives of the /J-galacto^idascs* arc also 
widespread among microorganisms, a typical substrate is laclo'se (p 415), 
and these enzjraca also arc termed lactase® 

Another group of /J-gl) cosidases of some interest includes the enzymes 
that catalyze ilic hydrolysis of ^-glucuromdcs, and arc, therefore, named 
/3-glucuronidasc« ' ^-n-G!ucuronidcs are formed in animals by the 
condensation of o-ghicuronie acid with a vanety of aromatic hydrovyl 
compounds such as borncol, sterols, phenol (cf p 537) 

For the quantitative estimation of the rate of ^-glycosidasc-tatalyzcd 
reactions, it has proved convenient to employ as a substrate the appro- 
pnatc gljtosidc m which the aglycone is o-mtrophenol or p-nitrophenol 
Since free o- or p-nitropfu.nol, in altalmc solution, forms a yellow 
mtrophcnolatt ion, the extent of the hydrolysis of o- or p-nitrophenyl- 
^-gljcQsidcs maj be followed colonmetncally With j3-glucuromdes, 
phenolphthalem ims been u®td ns the cbromogenic aglycone A valuable 
method for tlu measurement of the rate of release of free glucose from a 
gluco'-ide takes advantage of the specificity of glucose oxidase (cf p 339) 
Few glj cooida^es hav e been studied as cxtensiv ely as the yeast enzy me 
that causes the hydrolysis of sucrose to glucose and fructose Since this 

ycibcl »n J B ^umner and K M>rbyi.k, T/ie Enzymes, Chapter 16, Aiadenuc 
Pre-^, Nen york 1950 

•»& A Kubj aad H A Lardj,/ Am Chtm Soc, 75, 890 (1953) 

H n-hfnaa. Advances in Lmymol, 16, 3&1 (1955) 
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terms of the structural factors that determine hether a gu en gh cosidasc 
\m 1I act at a particular ghcosidic linkage These factors maj be listed 
ns folloT\s 

1 The nature of the monosaccharide that donates the reducing group 
invoked in the gljcosidic bond For example, among the enzjmcs that 
act at gl>cosidic bonds involving the aldohcxoscs, separate gl^cosidases 
(glucosidases and galactosidascs) hjdroljze ghicosides and galactosides 

2 The configuration fa or P) about the carbon atom of the potential 
reducing group Separate enzames (a-glucosulases and /3-glucosidascs) 
act on a-glucosides and on /3-glucosides 

3 The configuration fn or l) of the monosaccharide bearing the poten- 
tial reducing group ^lost of the known glj co'^idases act at linkages in 
which a D-monosaccharidc provides the reducing group 

4 The size of the lietcrocjchc owgen ring Usuallj the carbohydrases 
that act on aldohcxosides require the p^c^enco of a pv rano-c ring, whereas 
the enzj mic hv drolj sis of kctohcxosidca requires the substrate to be m the 
furanosc form 

Tile carbohjdra«cs ma> be ‘‘Cparatcd into two broad groups, tho«e 
that catalvzc tiio liv<lrolv«i*' of glvcosidic bonds m simple glvcosidcs or in 
oiigo'^acchandos, and tho«c that catalvzc the h>drolj«is of the gljcosidic 
bonds of polvsaccharidc' The term ‘ gljcosida«c'’ is frcquontlj aligned 
to the first group onlv , the other cnzvincs arc often called "poljsac- 
charulascs ” 

One of the import int results of the «jnthclic work of Emil Fischer in 
the carhohv (Irate field was the ruognition th it o-n-glucosidts are att ickcd 
bj dilTcrcnt cnzjmcs fiom tho-c (hat net on /?-D-glucosidcs In fact, the 
"v ''tcinatic stiulv of cnzvmc **pccificitv m ij be said to have begun with 
Fischer’s deinon«tr ition m 1894 that veast extract's winch did not act on 
y3-mcthjlglucO'«idc hvdrolvztd «-incthv Igluto-ide and m iIto«c On the 
other hand, an extract of ilmond- c lu-'Cd the hvdrolv'-i'' of the ^-gluco- 
«i(Ic but did not ilTcct the o-gluro'-ide bmee thi-s work, m uiv studic-- 
have been mule of the ••pcfificilv of «- and /J-pluco-idacf' from vanou'' 
•■ourcc'', thc-c enzvuK- lii'i hem purified onh partnlK, ind there In'- 
been con-idcrahlc controver-v in the literature about the idcntitv or 
nomdcntitv of v inou- cnz>mc initcnal'. lor cximplc, althoupli it 
appeared hkeh tint tlic ‘•une «-pIuco-ida‘-o of jea^t nct« on a-ineth\I- 
gluco-uk and on maItO'( it w i‘‘ ••uggi-tcd tlmt there i* mother cnzvmc 
(n lined malta''c) ‘•pccific illv ad iptcd to the hvdrol\‘-is of ni ilto-c More 
recent ‘•tudu-, to be di-ruwd liter (cf ji I'iJ), hue •■lumn that a 

• \\ I’lLinin Aihunrt^ in htfymol I, 11 (1911) \ CiottMliall. Ir/tanccs tn 

< OTl>f)fiy>frofc Drm 5, 10 110,0) 
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the designation a oi ^ docs not refer to the configuration of the gI>cQSidic 
bond that is hjdroljzed, botJi tjpes of enzjmcs hydroljze 
giucosidic linkages 

Tiie ^-amjJases rapullj hjdrolyzc the amylose fraction of starch to 
maltose This con\ers3on is practically quantitative, and negligible 
amounts of devtrins arc formed, under some conditions, ho\\ever, the 
ciea\ age does not proceed to eompletiou In the course of the action 
of the ^-amjlascs on amylose the capacity to give a blue color with 
iodine IS lost lather slowlj, indicating the presence of hrge cliains which 
are e\cntuallj bioken down compittelj to give the disaccharide When 
the ;9-am>lasLs act on amjlopectm, the hjdroijs’s proceeds to about 50 
to 60 per cent of the theoretical maMinum (calculated as maltose) These 
enzjmes attack polj saccharides from the nonrcducmg end of the chain, 
cleaving alternate «(l->4)-g)jcosidic bonds and hjdroljzmg off maltose 
units This action can bo piactically complete with the straight-chain 
amjbse, but with the branched-cham amjlopectm the enzjimc action 
stops at the points of branching, le, at the (l-^6)-gljcosidic bonds 
(cf Fig 1) End group assaj of the “limit” dcxtiins formed upon 
degradation of nmjlopcctin b> /B-nmjlascs is in agreement with this 
interpretation The ^-ainjlasc of sweet potatoes has been obtained in 
crjstaliine form,^- and malt ^S-ainjlasc also has been crjfetalljzed^ 

In contrast to the yj-amylascs, the o-amylases cause n rapid loss of 
the capacity of aniylosc to give a blue color with iodine, and the rate 
of appearance of maltose is vcr> slow Here the attack on the polysac- 
chandc appears to be at gljcosidic linkages in tlic interior of the chain 
(cf Fig 2), with the formation of oligosaccharides (e g , the trisacchande 
maltotnose) which are cleaved slowly to maltose and glucose^'* In 
further contrast to the jd-anijlases, the a-amj loses can hjdroljzc ff(J-»4) 
bonds of amjlopectms on cither side of the (l-»6) brancli points, forming 
(i~»0) linked oligosaccharides as small as pentasaccharides This exten- 
sive shortening of the chain length leads to the rapid loss of viscosity 
Hence the «-amjlases are also termed “dextnnogenic" or “Jiquefving" 
amylases The a- imjla&cs of malt, Bacilhis subtilis, swine pancreas, and 
human saliva liave been obtained in crystalline form Although these 
enzvme proteins are not identical, tiicy exhibit the same action on the 
components of starch Tlio «-amy hses arc activated by chloride ions 
»1S I\at et al J Chem Soc , 1952, 722, B P Xeufeld and W Z Ha=6id, 
Arch Biocficm ond Biophps , 59, 405 (1955> 

»2A K Balls et al J Biol Chem, 173, 9 (J9I8), S Englard and T P Singer 
tbtd, 187 , 213 ( 1950 ) 

«K H Mejer ct al. Itch Clum Acta, 5t, 316 (I95t) 
i«R Bird and U H Hopkins, Btochem J 56, S6 (1954) 

H Mejer Angeu. Chem , 63, 153 (1951), Expenenha 8, 405 (1952) 
Muusetnl Arch Biachem and Bu/phyi , 65, 2(j8 (1056) 
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h}drol3sis Ic'ids to a change in optical rotation of the reaction mixture 
from a positi\c to a negative \aluc, the cnzxnie ^as first named 
m\ertase‘® Despite the extensne studies condneted on invertase, onJ} 
partial purification of the cnzanie has been achlc^cd thus far, purified 
preparations of 5 east in\crta!st contain mnnnan' (p 422) In\ertise 
also has been termed saccli tra*-t sucra^c, and ^-fructosidaso Tlie last 
of these names is tlie most dc«cnpti\e, because the enz3mc is specificalb 
adapted to the h3drol3«is of ^-i)*fructofuranosidcs In addition to its 
action on ‘sucrose, in\crtasc caii'-C’- the ll\drol^slS of the trisacchandc 
raffinosc to melibiose and fructo'C It is of intcre'^t tliat a sucrose- 
h3drol3zing 00231110 is found in the lntc^tlnal mucosa of man3 animals, 
since maltose al«o is lixdroKzcd, thi'« 00231110 appears to be an a-gluco- 
sidase rather tlian a /S-fruetos>idase 
^\hcn xeast in\ortase acts on •'Uoro'C in water labeled with 0*®, tlic 
isotope doe's not appear in the hxdroxxl at carbon 1 of the resulting 
glucop3ranosc, indicating that the elta\age occurs between carbon 2 of 
the /3-fructofurano«\ 1 group and the gl3co?idic owgcn® (cf formula on 
p 415) This finding la consonant with the abilit3 of iincrtase prepara- 
tions to catnlvze the transfer of fructofuranoM 1 groups not onl3 to water 
(h3drol3sis), but also to \arious alcohols and sugary b\ “transgl\cosida- 
tion” (or “transgl3COS3lation”) reactions As mentioned prcMousI\ (cf 
p 273), such “tran'-fer” reactions irc catal3zcd b) man3 cnz3mes 
frcquentl3 classified a« bvdrolasc'', the action of ghcosidases as tran*-- 
gl3C0!>idascs will be di'cu«cd later in this chapter 
Polysaccharidases ° The best known of these cnz%mcs arc tlie 
nnnlascs, winch act on starch and gl>cogtn \\Iicat nin3la‘'c was one 
of the first cnzMiits to bo identifiwl, it was disco\crcd b\ Kirchhoff in 
1811 Ain3lascs arc found in nianx plant ti'sne^ anti in the sali\a and 
pancreas of animals In the course of the action of the ani3lases on a 
pol3saccharidc such as ainxlosc, four changes in the properties of the 
rc iction mixture are U'‘U ilU noted ( 1 1 a decrease in \ l'Coslt^ , denoting 
the clou age of the pohsaccharMk chain, (2) Io«- of tlie capacitN to gi\c 
a blue color witli iodine, (3) appeannee of rcdiieing groups, and (4) 
formation of iniltosc and, in adtlition, of larger oligO'accharidcs of 
^a^Mng chain Icnglli (dcxtrins) Among the known annln^cs, there are 
two hro ul groui)-, de‘*ignatcd a- and /^-am\Ia‘-es rc'i)ccti\c!3 Here 
Nnihorfj and I Mimll in J B ^umnpr nml I\ M'Tluck The Fmi/ntr$, 
CInptrr 14 Andcniir Prcv^ New \ork 1*150 

M nnd I KoliU’* licit Chwi \cln Tl, J123 1131 (1*151) J A 

Cifonclli and T ‘'initli J /ini Chrvt *>««•, 77, (ia>5) 

*D I Ko»!dnnd Jr and *' Mnn J Itiul 200, 139 (19T1) 

®P U'’mf<'ld At/i-rtrirr* in f 12 37*1 (1931), D J Mannrr" 4nn llrps^ 

50. 2«wS (1051). Atit 9, 73 (1935) 

‘®lt I! Hopkin* Adinncct »n In ymof <i, 3S9 (19IC) 
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In higher animals the amylase of sahva initiates the hjdrolytic attach 
on the dietary polysaccharides (starch and gl> cogen), this digeslue 
process is continued by the amylase present m the pancreatic juice 
secreted into the small intestine The resulting maltose is hydrolyzed 
bj intestinal «-glucosidase to glucose, Tihich is absorbed in the intestine 
(c{ p 492) In addition to amylase and glucosidasc, ivhieh are restricted 



rig 2 Proposed helical slnicturo of amjlose cham, and suggested mode of action 
of a-ainyl-isfi Ihioni C S Hanes, Sew Phytol, SO, ISO (1937) 1 

m their action to a(l-»4>-glucosidic bonds, intestinal mucosa contains 
an enzyme (“ohgo*l,G-glucosidasc'’) that is specific loi the hydrolysis of 
a(i"~>6)-gluco3idic Imlvagcs*'^ This enzyme hydrolyzes the (l-^6) bond 
of isoinaltose ((l-->6)-glucosylglucosc) and of larger ohgosacchandcs, 
thus piOMding an enzymic mechanism for the complete degradation, in 
the mtc&tmal tract, of ingested amylopcctms and glycogens to free 
glucose A similar enzyme is present in muscle extracts and is named 
“amylo-l,6-glucosidase Houeacr, this enzyme cannot act as a 
“debranohing” agent until a terminal glucose unit m <ic(l~>6) linkage has 
been exposed through prior degradation of the a(l~^4) linkages m the 
branch (cf p 445) Enzymes analogous to the intestinal ohgO'1,0- 
glucosidnse ha\c been identified in extracts of beans and potatoes,'^® and 
ha\c been named “R enzymes” 

Some bacteria (eg, Bacilhis macejans) contain an amylase that acts 
on starch to produce a mixture of w ater-soluble dextnns,-® some of v, hich 
may be obtained m the form of crystaUine nonreduemg compounds 

II J Lamer and G M McNicklc. J Jfiol Chem , 215* 723 (1955) , J Lamer and 
K E Gdlc‘=pio ihiri , 223, 709 (1956) 

G T Con and J Lamer J Btol Chem, 168, 17 (1951), J Lamer and 
L H SchiiicUcId Biochim el Biophpi Acta, 20, 53 (1956) 

Hobron ct al J Chem hoe, 1951, 1451, S Pi U et a! , tbtd. 1954, 4440 

=»E B liltlcu and C & Hudson, J Bad , 4S, 527 (1942) 
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importance of h> atoronidase arises from its property to act as a “spreadmg 
factor”, le, it increases the diffusion of foreign materials (bacterial 
toxins, d>es, etc) injected into the gkm"^ 

Another enzjme, also behc\cd to act on mucopol) saccharides, is 
ljsoz)mc=5 Tins enzjmc is found in the mucosal secretions of man 
(tears, mucosa) and in egg \shite, and has the property of Ijsmg 

barter o nch as Micrococcus lysodeikhcus The l>soz>me of egg nhite 
has be*'p crjstnlhzed by sexeral investigators, the simplest procedure is 
that of Fciold and Alderton^ Lysozjmc has also been isolated m 
ciystallme form from papaya latex, where it represents about one-third 
of the soluble protein Lysozyme is a basic protein (isoelectnc point 
pH 10 5 to 11 0) of relatuely low molecular weight (about 17,500) 
Plants, fungi, and bacteria contain cnzjmcs (pectic enzjracs-®) which 
catalyze the hydroljtic cleaxage of the pcctic substances (poljgalactu- 
romc acids partially’ estenfied by methanol) The enzyme denoted 
■“pcctinase” cleaxes the chain to galacluronic acid and digalacturomc 
acid=® The pcctic cnzjmes arc important in the industrial processing 
of fruit juices and other bexerages 

Phosphoryiases 

Although It was long Known that extracts of animal tissues such as 
hxcr and muscle contain cnzjmcs capable of causing the scission of the 
glycosichc bonds of glycogen, until about 1935 it was incorrectly thought 
that the bieakdown of glycogen in these tissues was effected by amylases 
analogous to tho^-c discussed in the prcxious section of this chapter In 
that year Con and Paina®, working independently, showed that inorganic 
phosphate was an obligatory participant in the degradation of glycogen, 
and that a phosphory latcd monosaccharide was formed in the reaction 
The most deeisne adxance m the understanding of the role of phosphate 
in the breakdown of glycogen by muscle extracts was made by Con 
et al who identified the phosphory latcd sugar as gUicose-l-phosphate 
{a-D-giucopyranose-I-phosplmtc) The enzymic conxcrsioo. of a part of 
the glycogen molecule to glucosc-l-phosphatc may be wntten as showw 
This process has been designated "phosphoroljsis," and the enzymes that 
catalyze such reactions are termed "phosphory lases " The salient dif- 

Duran-Rc3-naU ct al Ann A’ Y Acnd Sci, 52, 943 (1050) 

I Tevold /IdtoncM \n Piolnn Chem , 6, 187 <105I> 

-®n Jj Fevoltl and G Alderton Biochew Prcpnraltons 1,6" (1910) 

27 E L Smith et al, J Btol Chem, 21S, 67 <1055) 

-^2/1 Krrtpsz and R J lMeCk>noch, Advances Carhohydrale Chem , 5, <9 
(IOjO) , H Lmcwea\er and E t Jan.«en, Adtaacc* tn Emymol , 11, 267 (1951) 

23 n J Phatl and A L Dcmam, ,/ Ckem, 218, 875 (1950) 

8'>C F ConetaLy Bwl Chem, m, 465 (m?) 
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These crjstallmc dextnns ncre fir&t described b^ Schardinger in 190S, 
and are tlierefore termed Schardinger devtnns On exhaustuc mctlijla- 
tion, folloued bj h\drolj«is, onl\ 23,C-trimeth\lghicosc is obtained, it 
^ould appear, therefore, that the Schardinger de\trins are closed-ring 
structures in ivhich glucO'C units i about 6 1 arc joined b\ means of 
a(l-^4)-glucosidic bonds E\idence has been presented m fa^or of t)ie 
\ie\\ that the amjlase of B macemns catalyzes a series of transglucosi- 
dation reactions (cf p 451) in which the cnzjmc attacks the sixtli 
glucosidic bond from the nonreducing end of the arajlosc chain, and 
produces a new gluco&idic bond between carbon 1 of the si\th glucosjl 
unit and carbon 4 of the terminal ghicos\l unit-' Such a sequence of 
cjclization reactions would be fa\orcd bv the helical structure proposed 
for ainjlose b} Hanes (cf Fig 2) Tlic blue color gi\en b} amjlosc 
with iodine is piobabh a consequence of the deposition of iodine mole- 
cules in the interior of the poh saccharide helL\ 

It IS known that some iincrUbralC'- ha\c digcsti\c cnzjmcs which 
enable them to degrade structunl poh saccharides such as cellulose and 
chitin Thus the hcpatopimrcitic juice of the snail IlcUx pomotia 
contains cnzjmcs designated ctllula«c and cliitinase-- The action of 
ccllulasc on cellulose leads to the formation of ccllobiosc, chitin is «plit 
bj chitmasc to form N- icet\lglurosaminc Cellulascs appear to be wide- 
spread among anacroliic microorguii'ins found in the soil and m the 
digests 0 tract of hcrbi\orou'- animih The abilitj of termites to dcstroj 
wood appears to depend upon the enz\mic nctuitj of microorganisms 
that inhabit the gut of tliO'C insect^* 

A poljsaccharidc-splitting onzMiic of «omc intcrc<?t in animal phj'^i- 
ologj IS hj aluronidase, winch causes the dcgridation of h\aluronic acid 
bj hjdrnljsis of tlic ghco'^idic bonds imohing the reducing group of 
N-acetj Iglucosaniinc , oligo‘>acchandt<5 of ' aia mg ch im length arc formed, 
and thc&c product*- tin bi furtlur ’■pht to X-acetj Igluco'-aimric and 
glucuronii acid b^ i j3-glucuronula'-c Ilowcxcr, the N- icct\ Ihj alobi- 
uronic acid (p 424) produced in the cnramic brcikdown of bjaluronic 
tcid b\ testicular aluroind I'-t nppt irs to bo rc'-i-t’int to ^-glucuroni- 
<la«c It IS of inttre-t that hjaluronida'-o prtp ir ition's from sceeral 
bacteria do not proilutc \-irtta lli\ ilolmironic acid, but instead an 
nn‘=aturit(d deneatni of tin*' conijiound i- formed In addition to its 
occurrence in annua! ti*->-m- ni>t ibh ti'tC', and m some bacteria, 
h\aluronida-c actiMt\ lii- been foiini! m «iiakt \enom‘- Tlic poc«ib!c 

“* D Frcnrli Atliaticr^ in CnTbohjilmtt (turn 12 l*'Olia, 7 ) 

\ Trafr\ Ihnchttn S^k *>ympo*ta, 11, J’> (ia',3) Uiochem J, 61, 
ST'i 

M.%rr .t al J Ihol (.h,n, 192 2Ti ( 11 , 1 ). \ I mker fl r1 , ihxd 
213,237 (11,:.) 
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(phosphorjlase b) that is mactne in tlie nbsence of added AMP Al- 
though It vfis first thought tint m tlic com crsion of phosphorj lase a to 
phospbor>lasc b an piostUctic gionp v.as rcmo\ed, later -aork^ 

shoned that this con^elt.lon in\ol\c& the cle^mage of phosphoi-j lase a into 
hahes (particle weight ca 250,000) as judged by ultracentnfugal studies 
The enzj me responsible for this effect is no^^ termed the “phosphorj lase- 
ruptuung” cnzjmc (PR enzjme)** Before phosphorjlase a can be 
crjstalhzed from a muscle cxtiact, the PR cnzjme must be removed, this 
separation of the tno cnzjtues can be effected bj isoelectric piecipitation 
of the PR cnzjme at pH 6 0 The possibihtj ^hat the PR enzjme inaj 
be a protcolj tic enzj me is indicated b> the fact that erj .stalline pancreatic 
trjpsin converts phosphorj lase n to phosphorjlase b without appreciable 
destruction of the potential phosphorjlase activitj Phosphorjlase b 
has also been obtained in crjstallinc form®’ 

Preparations of crjstallme muscle phosphorylase a contain 4 moles, 
of pjridoxal pliosphate (p 375) per unit of 500,000 Removal of the 
pjndoxal phosphate results m the loss of phosphorjlase activity, which 
IS lestored bj the addition of the cofactor®® Phosphoijlase b contains 
2 moles of pjruicrsal phosphate per uml of 250,000 The role of pjiidoxal 
phosphate m the cataljtic action of muscle pliosphorjiase has not been 
elucidated as j ct 

As noted above, phosphorjlase b is aetu ated b> the addition of AMP 
Howcvei, the reconversion of muscle phosphorjlase b to phosphorjlase a 
IS an enzjmic process that depends on the picsence of adenosine triphos- 
phate lATRt and Mg-"^ orMn^+ 

Similar relationships between inactive and active phosphorjlase applj 
to the enzjmes obtained from Iner and heart The active form of liver 
pho&phor>h«e (particle weiglit ca 240,(K)0> has been purified appreciably 
from dog hvei It is inactivated bv an accompanying liver enzyme in 
a process that causes no change m particle weight but involves the libera- 
tion of inorganic phospliate (2 moles per unit of 240,000), suggesting 
that the active luer phosphorjlase is a phosphoprotein which is dephos- 
phorjlated bj the inactivating enzjmc The conversion of the inactive 
dcphosphorj’latcd enzjme to the active form is effected bj an enzjme 

J Ivcller and G T Con, Btocktm et tiiophy$ Auta, 12, 235 0953) 

8* P J Keller and G T Con J Bml Ckem , 214, IS7, 135 (1955) 

33 E H ri^chcrand E G Krebs J Biol Cftem,23I,65 (1958) 

Bannowalaet vl , Biocfttm et H%ophys Ada 25, 16 (1957), G T Con and 
B Illingworth Proc Nall Acad So, 43, 547 (1857) 

«E H Iischer and E G Krebs, 7 Biol Chem 2 16, 121 (1855), E G Krebs 
and E 11 Fischer Biochim et Btophyi Acta 20, 160 (1956) 

T \\ Rail ct al J Biot Cfeem , 218, 483 (1956) , Bxachim et Biophyi Ada 
20,69 (1956) F A\ Sutherland and T T\ Rail, J Am Chem Soe . 79 , 3608 {1957) 
39E W Suthorhnd and M D TVOTlftjt 7 BtoT Cfeew,2l8, 459 (1056) 
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fercncc between the chemical reactions cataljzed b} the nmjlascs and 
the pliosphorj lascs is tlie introduction, in the presence of the amj Inses, 
of the elements of water into the ghco^idic bond that is broken, wlicrcas, 
with the phosphorj Ia«es, the elcinentb of phosphoric acid are introduced 



OH OH OH 

|+aii,po« 

ar^oH 



Gluco «-l*i>ho*phat« 


Arsenate can be used in place of pho'^phatc in the pho«phorj lase-cat il> zed 
reictions, but the resulting orgmic irscnate fog, glucose-l-ar&enatc) is 
npidl> iiydrohzcd bs w itcr (of p 326) 

Pho‘«plior} la'-cs Inuc been found in extracts of inan> animal tissues 
(muscle, h\cr, heart, brim), of xci'^t, and of inan> lugher plants (eg, 
ptis, potatoes) Tht work of Hint'” ‘liowid tint the pho^pliorj lasts of 
plant*! coiucrt starch to gluco't-l-phosphate 
The studj of the pho'-phora I I'^cs rtiched a high point in 1943, when 
the enrjine of rabbit nui-clc w ohtiintd in the form of a crj&talline 
protein (of p 23) of [iirtulL weight »l>out j 00000'“- This protein 
rtpre-ents about 2 jar cinl of the tot »l protein material in the imi-clc 
extract \\ hen the rr\‘-ti!linc mittnal bccunc a\ailal)lc, imn> of the 
rt-uU*‘ obtained with li" Iioniogemou'> preparitions of mu«clc pho"- 
phor\la‘-c were rt-c\aniintd Tor txiinplc, it hid been found that the 
crude tnz\me w jnactiee iinlc*'' ndenoeine-5 -pho'^phatc (AMP) was 
added With the crj*‘talhnt inzenit there w is appreciable ictiMta in 
the absence of added \MI’ nltliougli the addition of the nucleotide 
increased the actuit\ sonuwhat Ihis contract in the hehuior of the 
two i»ho'pIior\ lase prcpiritions iKciiiie underst indihle when it w ib 
oh'er\ id tli it the er^ -t ilinu enz\ me ( n lined “pho'phnr^ I i-t i”) w a« con- 
\ertcd 1)\ a ti'-ue enzjim, pO'‘Sil>I\ a ti--ue protein isc, into a form 

=**C s rrac Uoy W J29II 174 (laiO) 

^ \ \ C.rKnnn.tG T Con J Hint Chtm 151,21 (1911), H A INinpiorth 
•itiil Cl T Con Hiocf I ft /Vi / vjmCionf 3 1 (19^) 
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Of special importance %\ilh respect to the actmty of crystallme muscle 
phosphorj !asc a is the absence of a reaction if the cn^jme is added to 
pure glucosc-l-phosphatc S>nthesis of a polysaccharide ensues onlj if 
small quantities of gljcogen or starch aUo arc added (Fig 3) With \er> 



0 10 20 30 40 50 60 70 

Mmiftes 


Fig 3 Eflcct of incrctised amounts of gbeogea (m milligrams per cent) on llie 
nte of romenion of glucosc-I.phosphat** to poljsacclnride bj crjstnllme muscle 
phosphorjlw fFrom G T Con ct al, FederaUtm Proi. , t, 234 (1915) 3 

small amounts oi glycogen (about 10 mg per cent) equilibrium is not 
attained , w ith 40 mg per cent of glj cogen tlic reaction roaches equilibrium 
at a rate that falls off more rapidly than can be accounted for on the 
hasib of first-order kinetics , u ith 500 mg per cent of gl> eogen, the reaction 
proceeds at maximal rate and is kinctically of first order throughout it® 
course ITndei these conditions, the tumo\er number of muscle phos- 
phorylasc is about 40,000 

The nork of tlic Con group explained the role of the added poljfcac- 
charidf* as an actuator b> showing that it is actually a participant in the 
reaction, and that the function of the enzjrne is to catalyze the interaction 
of glucosc-l-phosphate iiith the nonreduemg ends of tlic brandies of the 
actnatmg poljbaccharide (Fig 4) Branched-cham polysaccharides such 
as amylopcctin or glycogen are good acb\ators, whereas the straight- 
chain amylosc h is little or no effect The "priming” efficiency of a 
polysaccharide is thus a function ot the number of nonaldchydic terminal 
glucose units It is of mterest that the poly‘*accharjdo formed when 
muscle phosphory i ise a acts on gluco«c-l-phosphate cannot itself sene 
as an activator in the reaction, Bus is m accord with the data (from 
end group assay) that show the polysaccharide to be a straight-chain 
amyiosD of 80 to 200 glucose units Like the amj lose of starch, tlic 
poly saccharide formed by phosphory lasc gucs a pure blue color witli 
iodine This means that crystillmc muscle phosphory lase is restntted 
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sjstem that requires ATP and + ^ as in the case of the enz^mc from 
skeletal muscle, AMP does not actuate luer phosphor} lase The 
actuation of luer phosphor} lase i& influenced b^ the liormones epineph- 
rine and glucagon (Chapter 38) In tlie p^e^cncc of \TP, Mg-’’", and 
cither epinephrine or glucagon the ^edI^lCIltabIc fraction of luer homog- 
enates forms a c}chc adeno'^me-d'S'-pliosphatc (p 204) which stimu- 
lates the production of actue phosphor} lase b} the soluble fraction of 
such homogenates 

The stud} of the kinetics, and (quihbria m the reaction cntal}zcd b} 
cr}stalline muscle p^losphor^ la'«c i led to results of considerable general 
significance Although for the enzMne-catal}zed h}droI}sis of gl}cosidic 
bonds the position of the ctjuihbriuin is fir in the direction of h}drohsis, 
the reaction cat al} zed b} phosphoialasc is char ictenzcd b} an c\treineh 
mobile equilibrium tliat tan rcadiK be approached fiom either direction 
The equilibrium constant for the pho5phorol}Sis ma} be written 

[CilucQsc- 1 -pl>o«;phat e) ** 

(Poll «acchandel|inorganic Pj" 

Since, during the reaction, the molar concentration of the pol}sacchnndo 
changes onl} slighth compircd with the concentrations of glucose-1- 
phosphato and of inorganic phosphate, A' ma} be calculated from the 
equilibrium ratio of gluco'-e-l-pho'^phatc to inorganic P At 30® C, 
the ratio [glucosc-l-pho«phate“ | | HjPO^ “ ] is about 0 088 The ratio 
of total glucosc-l'pho«phatc to total phosphate ^n^lcs with pll since the 
pKz \nlucs (30® C) of thc«o two substances arc 6 51 and 719 rcspec- 
tucl} 

It will be clear from the abo\c c(iuilibruim ratio that the freo-energ} 
change in the phosphoroh si" is "mail In fart, the pho«phoroh ^is is an 
cn{lorgonic n action , at 30® C is about + 1 5 kcal jicr mole Under 
thc "0 conditions, therefore, it is the form ition of the poK saccharide from 
gluco"C-l-phosplntc that i" txcrgonic 

Miuclc piiO"phon la"C a i" inhibited b\ a \arict\ of chemical agents 


O — glucose 



I hUmiin 


GIuco'L is a comiictitue inhibitor with respect to gliico«c-l-pho*phatc, 
/^-glNceroplio'plute and the p! ml gluco"ide phlorizin aie nuncomintiluc 
inhibitors 

I (t ftl trr/j lluKhrm ami 39, 419 (jaj2) 

H \^hh\ rt nl liiuchctn /, 59, 203 



444 


GENERAL BIOCHEMISTRY 


Utter cnzjme !ia\c been described'*’ With potato phosphorjlasc, a 
straight-cliam amjlose is pioduced from glucosc-l-phosphale, and a 
pruning substance must be present, hone\cr, for the action of t)io plant 
enzyme, oligosaccharides containing 4 to 5 glucose units can serve as 
actnators-** Another important difference between the two enzjmc 
preparations is that the potato enzyme shows maximal activit> in the 
absence of added AMP 



ft>) 




fig 5 Bnooh point synthesis bj radioatto c hbelmg lochnjQae (o) Jncomplctelj 
degnded gljcogoQ segment (nonroducing end) (6) Clj cogen segment with labeled 
outer chains (c) GIvcogen ftfgment after action of branclimg enzyme 0» ua* 
labeled gliuose reviciue e labekd glucose residue (From Lamer 


The principal polys icchande of potato starch is of the arajlopcctin 
type, from potato extracts an enzyme (named the '‘Q enzyme") has been 
obtained*® whicii, in conjunction with purified potato phosphorjlase, 
converts glucosc-I-phosphate to a branched-chain polysaccharide that 
gives a red color with iodine Tlic Q enzyme appears to act as a trans- 
glucosidasc tiiat transfers short chains of (l-»4)-'glucosyI units to the 
G-hjdroxyl of other glueosvl units of an amylose chain, as in the case 
of tlie comparable liver branching enzyme 
The recognition of tlic mode of action of muscle phosphorylase, amylo- 
I,6*glucosidase, and ^-amylase has permitted the use of these enzymes 
as icagents for the stepw ise degradation of gly cogen preparations The 
structural specificity of these three enzymes is summarized m Fig 6 
The comlnned action of phosphorylase and the (l->6)-glucosidasc leads 
to the nearly complete degradation of glycogen to glucose-l-phosphate 

H Fisrhcc and H M lldpcTt Expenenho, 9, lYG (1953), H Baum and 
G A Gilbert, Nature, 171, 083 (1953) 

A Svvanton and C F Con, J Btol Ckem, 172, 815 (1918) 

«S Peat, Aduonccs in Enzynjo/^ 11,339 (1951), G A Gilbert and A D Patrick, 
Diachctn /, 51, 81 (1952) 

■“‘B Illmgnorth et al, J Bwl Cktm, 199, 631 (1952), J Lamer et al, ibid, 
199, 641 (1952) 
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jn its 'iction to the SMitliesis of «(1— ♦4)-gluco5i(hc bonds Tlie cnzjme 
IS 'il-o specific for a-u-glucopjranosc-l-pho'plntc, no otlier sugar 
pliosiihnte tint Ins been tested can be substituted 
The restriction in the '•pccificiU of phosphor>hsc to the synthesis of 
(I-^4l-gluco«ulic bonds raises the question How arc the (l->C)-gluco- 
sidic bonds of mu‘*clc glj cogen santhesized? ObMOUsh the action of 



Fig 4 Aitiiin of plia plionh'o at nonrwIucinR omi of actmtinR pob*iccharule 


niU'ck pho'phoiw ln-( mu't be «“UpplenKnted b\ another enzMiic-catnlj zed 
reaction in which hr inching i'' induced, «inoc imi'^clc ti'^suc it'^olf contains 
little or no poK^iccliandc- of tlie ain\lo<-e t\pe Crude pllO''pho^^ laso 
prepar ition** from ininnl It-Mie- ‘■iich a** beer and hcirt and from jcist 
c lu-c the form itioii of branched j)ol\'accliaruks, nnd contain a separate 
‘hr inching’ enz\im lUowing iiiu**cle pho’'phor\ lase to citaKze 

the iddition of ( ’■‘-lilulul gluco'jl unit'' (of C’-'-gluco'C-I-plio-phatc) 
to tlic outer brinrlK" of primer’' ghcogin, ind then b\ treitincnt of the 
labekd poK^icch irnli with hr inching ciizMiie (from li\cr) in the absence 
of pho'ph it( , It wa*' '•liown th it i-otopic (I— >b)-linked ghicosj 1 unit« are 
forimd‘- llii" l^lhcltl^ that tin firanching tnzj me citaKzt- traii'-glu- 
co'kI ition ri ution- (cf p Til) m which '-horl vpjrincnt'' of i long (l-*4)- 
linkid am\lo-( clmin an trin''fprrtd to the f> h 5 dro\^l of ghicO'C umt« 
in tlic chiin the 1 1— * 1 1'hnkid chain'* are '•liortened and t\tcn‘'i\e 
hr UK lung at il— •(»» link ig( *• i-* t fie cte»! (I ig ">) 

M un of the com !u*-ion- driwn from work on mu'clc plio-phore la^c 
al o appK to pot ifo pho-phor\li^e Cr\-tillim pripintions of the 

kmi.r J Uw\ llrvi 202 191 (19^3) 
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are in good agreement ^ith data obtained by methylation {p 418) or by 
periodate oxidation (p 420) , values of 7 to 13 glucosyl residues for the 
outer chains of glycogens, and of 3 to 5 residues for the inner chains, 
\vere obtained 

In a few cases of a group of human abnormalities known as “glycogen 
storage” disease, in which there arc deposited unusually large amounts of 
glyLogen in scieral tissues, the outer (1-^4) chains were found to be 
much shorter than tlie normal average*^ In the form of the disease 
characterized by glycogen storage in all tissues, and especially in muscle, 
the abnormality may be a consequence of a dchciency in amjJo-3,6- 
glucosidase ^Vhe^e glycogen storage is restricted to liver and kidney, it 
may be associated with a deficiency in glucose-6-phosphatase This 
enzyme is respensibh /or the final step m the conversion of g}ycQgcn to 
glucose in the liver (cf p 497), and the absence of glucose-fi-phosphatasc 
may be expected to cause an increase m the amount of liver glycogen 

In what has gone before, attention has been focused on the pliosphoro- 
lytic cleavage of polysaccharides Evidence is at hand that a similar 
mode of enzymic action applies, at least m some organisms, to the break- 
down (and synthesis) of disacchandes, notably sucrose It will be 
recalled that the hydrolysis of sucrose by mvertase proceeds far m the 
direction of the split products, attempts to effect appreciable reversion 
of the enzymic hydrolysis have proved unsuccessful In 1943, however, 
Doudoroff et al showed that dried preparations of the organism Pseudo- 
monas sacckarophila convert sucrose to g!ucose-l-phosphate and fructose 
and that this phosphorolysis IS readily reversible (cf Fig 8) The enzyme 
(“sucrose pliosphory lase”) responsible for the catalysis of the reaction is 
an “adaptive cnzvme”, it is produced m appreciable amounts when the 
culture medium for the organism contains sucrose or an oligosaccharide 
that can give rise to sucrose (eg, raffinosc) The enzvme does not 
appear in readily detectable amounts, however, if the organism is grown 
m the presence of glucose, maltose, or starch as the sole source of carbon 
At present, partially purified preparations of the enzyme arc available 
from P sacckarophila and from Levconostoc mesenteroides If arsenate 
IS used in place of piiosphale, free glucose is formed from sucrose, since 
the intermediate glucose-l-arscnate zs rapidly hydrolyzed by water (cf 
p 326} 

Sucrose phosphorylase has no delectable action on starch, maltose, 
lactose, or raffinose Also, if glucoso-I-phosphato is replaced by galactose- 

•*7 G T Con Harvey Lectures, 48, 145 (1054) , B Illmgworth et al , / Biol 
Chem 218, 123 (1056) 

•»«M Doudoroff et aJ J Biol Chem, 148 67 (1913) 
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Fig 6 Strtictural modrl of n portion of n brinoho<i poh - icclnrido «!ioninp the 
'itc's of cn 2 ^mlc action 1 D corro^poml? to the limit dextrin formed b% txfnU'tue 
action of pho'phon h’-c R refers to the reducing end of the poh'iccharide [From 
G T Con nnd J larntr J Biol ( hem 188, I” (1951) I 

(phosplioroI\sis of fI-*4)-Rlucos\l bonds) and to glucose (il^droKsIs of 
(1-^G) bonds) , the ratio of glucose to gliicosc-l-phnspinte liberated ns 
each tier of glucosjl rcsiduts is remoxed gucs n measure of the extent 
of branching (cf Fig 7) The results of stepxMsc enzjmic degradation 



rig 7 Mode! of ^Rimnt nf rihbit iiiu-m h ^.hioEcn (IW rIiko-i rc^idtii'*) con 
timing '> tan Tlie portion iriclo-iil b\ di«li lior^ «orrf^pond< to the hrnil dextrin 
that would 1» />ro<lu(rd iflrr -jIlrrmlinE trr ilmrnt with phop},onJi' H timoi) 
"ind un\ lo-l C-kIuco id I < itwitcl J' 0 O, gliKovf rt-'idiu-^ runn^ril In fir^t 
N-eemd nnd thml <l<Eridi1ion with |th«»*plior\IxM , # -jt niirnbcro I 

nnd 2 kIuco < residues n nun isi In fir-t nnd «ron<l digr iditum wuh llic pliico kJ t <- 
• at Diiinlur* T -1 amj 5 pbico » n-'uJiic-* miubn] m (1->G) linkiRc 
nil 1 I-otrtitinlK -ti-- « ptilih tt» nttvk b\ lh< phiMi^idn < (frc’in I lau r rl a! ♦S) 



448 


GENERAL BIOCHEMISTRY 


CH2OH 



(IV) 


In the rc\crsc reaction, D-xjlose can be used in place of p-glucose, but 
a-D-g!uco'!c*l-pho'!phatc docs not &cr\o as a substrate^® 

Important conclusions about tlic mechanism of the action of sucroc 
phospliorjla^e emerged from studios m whicli the pliosplioroljsia oI 
sucrose nas «tudied in the presence of pliosplmte containing P®- Doudo 
roll et al®® found tliat, if one adds glucosc^l-phosphate and radioactne 
pliospliatc to tlic enzyme, m the absence of a ketose, there occurs a rapid 
exchange of the radioictuc P between tlic glucosc-l'phosphatc and the 
inornnic phosphate, indicating that the following reaction had occurred 

Gliicoie-l-phosphatc -f cnzjmc Glucosyl-enzjme + phosphate 

In the s>ntlic‘!is of a disaccliaridc, tlicrcforc, the glucose-enzjme complex 
then reacts with a “gluco'Jc acceptor” such as fructose This finding led 
to the examination of the action of sucrose phospliorj’Iase on sucro c id 
the presence of a ketohexose eucli as sorbose, but m the absence o! 
phosphate In this sjstcm it was found that the glucose raoictj 
transferred from the fructose part of sucrose to sorbose to form a 
disaccharide, a glucosjlsorboside 

Glucosjl-l-fructoside 4- sorbose ^ Glucosjl-1-sorboside + fructo'C 

It follows from the above that the action of the enzyme is to catah*^ 
“actuated” aldohvdic group of n-glucose s 
nliiPnco that this actuation can be effected b> comerhc? 

o Cl her glucose-l-phosphatc or to a glucoside Hence pho'phDl* 


Putman ttarrj J Btol Chem, 199, 153, 573 (1052), E 

“M Soc.TT, 4351 (1055) 

Duudoroffalal,! flmi C5am, 168, 725 (1017) 
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OH OH 

Sucrose 



Fig 8 Action of sncro«!e pho«pliorj h«e 


l-pho‘!phatc or mannosc*l*plio«plmtc, no reaction \Mth fructose can be 
demonstrated Ilowaor, fructose maj be replaced bj one of sc\eral 
monosacebandts as sliown m the reactions gi\cn liclow 

(I) n-D*Glucosc-l-phosphatc + t-sorbosc 

a-D-Gluco|nranos\l-a-i-«orbofuranosidc f pliosphate 
(11) a-i) Gluco«c-l-pli05plmtc + D-\\lulo'‘C 

a-D-Glucop> nno^J liilofuranoside + pliospliatc 

(HI) n-D-Glucosc-l-pliosphntc + i-arnImlo'C ;:± 

a-u-Glucop>ranos\l-a-L-arahuIofurano«idc + phosphate 
(IV) a-D-Gluco'«c-l-plio''plmtc + L-arabinosc ;=± 

3-(a-i) Glucopjrino'>jll-i-nribinop\rano«e + phospliate 

1 he etrueturc" of tlu four di'aeclmndts svnthcsizcd m the al) 0 \c reaction® 
arc ®}io\\n in the formulae on p 448 
It wiW be notc<l that in llie-e reactions «-pluco'‘idic bond® arc in\ol\ed 
in the intcrcon\cr-ion of n-D-ghioo't-l-pho'-phatc and di» ircharide® In 
contrast to thi® retention of configurUion i® the ru iction catabzed b^ an 
cnzjme (“maltose i)hO'«iilior> Ian ’) present m Aeisscna nicmnptfufc? 

4-{n-i)-GIucop\ranO'>al)-n-glucoparino-<. + phosphate ^ 

/J*D-Gluco5C-l-pho'i)hatc + d gluco'o 
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formation of glucofejl dernatncs of these acceptors A bj -product of 
the dextran sucn‘5C reaction is Icucrose (5-(«-D-glucopyranosjl)-D-fnic- 

tose) 

Similar polj baccliandc synthcMs has been noted "tvith Bacillus subtilis, 
and other organisms, w ith the important difference that, in place of dex- 
tran, the poI> saccharide lc\ an is formed Since le\an is a fructosan in 
ixhicli the D-fructofuranosc units arc joined by means of (2->6}-glj- 
cosidic linkages, it is apparent that a Iransfructosidation reaction occurs 
as follows 

n Sucrose n Glucose + (fructose)n 

Clearl), m lo\an fonnation sucrose serxes as a fructoside, whereas in dev 
tran formation it senes as a glucoside The enzjme responsible for Ie\an 
formation from sucrose has been named lex an sucrase®® A preparation 
from Aerobacter levanicum catalyzes the transfer of the j8-fructofuranosjl 
group of raffinose (p 416) to xjlosc, with the formation of a-n-x>lop>- 
ranos}l-^-D-fructofuranosidc, or to galactose, >iclding a-n-galactopy- 
ranosj l-^-o-fructofuranosidc 

Dextrans and iexan are rather special t>pes of polj saccharides, since 
thej gue no color with iodine and are not attacked bj amjiases It maj 
be asked, therefore, whether the mechanism of transg1>cosidation in the 
absence of phosphate is also operate c in the sjnthcsis of polysaccharides 
that resemble tlic amj loses or ara>lopectins The actual occurence of 
such transformations m baclenal sjstems has been demonstrated b> 
Hehre,®- who found that ccll-frcc extracts of jYeisseno perjlava catalyze 
the reaction 

n Sucrose n Fructose 4- (glucose)* 

The polj saccharide formed in this reaction resembles amylopectm in 
gning a brown color with, iodine and is attacked bj amjlascs End 
group assaj showed this polysaccharide to be composed of short chains, 
each of w Inch contains 11 to 12 glucose units linked by (1 4)-gIucosidic 
bonds, with (1— >6) bonds at the branch points Apparently twoenzymes 
cooperate to cause the branching Hchre has named the enzj me prepara- 
tion responsible for these transglj cosidation reactions amylosuerase 
Another ease of transglj cosidation leading to the synthesis of a starch- 
like polysaccharide was discoxercd by Monod and Tornani in 1948, and 
examined further by Doudoroff et Monod obserxed that certain 

5BF H Stodoketa! J Am Cftcm , Soc , 78, 2514 (1956) 

C0& Hestrm ct al, Btochem J. 61, 340 351 (1956) 

CIG Axigad et a! Biochtm el Btophys Aela, 20, 129 (195G), D S fciBgoId 
et al J Bwl Ckem , 224, 295 (1957) 

«3E J Hehre, J Biol C/icm, 177. 267 (1949) 

WM Dowdoro2 ct a\. J Bid Chem, 179, 921 (1919) 
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IS not nn indispensable component of the enzjnic-catihzed reaction, and 
the term “sucrose phosphor} lasc" is too restrictn e In the pho^phorolj sis 
of sucrose, pliosphate scr\cs as the acceptor of glucose but other sub- 
stances (eg, sorbose) can also serxe in this capacitj If one considers 
the sugar — ^phosphate bond of glucoso-l-phosphatc to be formalh cquua- 
lent to the gljcosidic bond of a disaccharidc, the function of the cnz\ine 
may be described more proper!} as the cataljsis of a replacement reac- 
tion, in uliich one component of a glucosidic bond is replaced b\ another, 
iMth a relatnci} small o\er-nII frec-cnergj change Replacement reac- 
tions of this tjpe lia'e been termed “transgl} co^idation” (or “trans- 
ghcosjlation”) reactions, and sucrose phosphoi^ lasc is more properh 
named a ‘'transglucosidasc,”sjnec it can cause g)uco«c, bound in ghcosidic 
linkage, to combine ^ ith a \ arictj of glucose acceptors Indeed, among 
thc«e acceptors nia^ possiblj be included v\atcr, since sucrose phos- 
phor} lase preparations from Lcuconostoc incsentcroides catal}ze slow 
h}droI}Sis of sucrose and of ghlcosc-l-pho^phatc at pH 6 0“* It should 
be added tint the abo'c conclusions do not appear to appK to maltose 
pho-J)lu)^^lnse, which dooa not c.atal}zc an exchange between P'^^-hbcIed 
phospliate and /?-n-glucosc-l-p!iospJmtc 
Tlic mecliani‘‘m proposed b} DoudorofT ct nl for the action of sucio'c 
pliO'*phor}ln&o apparcntl} docs not stnctl} nppl} to the pbosphorol^sll9 of 
starch or gl\ cogen b} muscle or potato phosphor} lase Cohn and Con ^ 
lm^o «hown tliat, when glucosc-l-phosphatc is incubated ^Mth muscle 
pho'phor\hsc a (or potato phosphor} lase) and radionctuc inorganic 
pho'phate in the absence of a priming pohsacebande, the glucosc-l-phos- 
phite does not become radioactiic It would appear, therefore, tint 
tiit-c iiho-jihor^ ln«cs! do not catul} 2 o an exchange between the inoiganic 
pho-pli Uc and the organic phosphate, and that here the presence of pho— 
phatc (or of glucose-l-pliotiihatt) is indi«poii'! iblc for enz}inc action 
nouc\ci, Cohn’* In'* proMdid eMdence to indicate tli it muscle phos- 
phor\Iicc and sucro-c pliosphor> h'-t ittacK glutO''C-l-phosphatc at the 
'■ainc linkage B} u-ing morganit pho'-phatt labeled with 0’^. -h( 
'‘hoiud that with both cnzniit- the clcai of glucosc-l-pho'ph it< 
occurs between r irbon 1 of ghicosi md the ()\\gen of the phosph itt group 
(rf I ig 9) A sjijjd ir clcaa igc occurs upon h\droh<*is cataUzed b\ 
On the other hand, wlien gluco'-c-l-pho-phate is subjected to 
enr\ inie IndroK^s m the jirc'-cncc of IIjO*** anti the reaction is catah zed 

^ Ilfl* t(l Htid M Dotuloroff in Fniymut JO, 123 (ia>0) 

11 M Ivilfluir in }\ I) MoFlroe nnd 11 Gla*?* Micfinuirvt of I- n you \rlinn 
Hojikin^ I’rrv« lUltjniorr 1951 
^ It \\nn!><rR nnd M Doiiiloroff J Bad 00, 3S1 (19>1) 

' M Cohn nnd C, T Oiri J Bto! Chrm 171, Xa <I0IS) 

-* M Cohn J Itiol Chrm IfiO, 771 (1919) 
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transglucosidasc has been found in potatoes and named enzyme” 
It comertb a(i->4}“oiigosacehandcs to glucose and to longer a(l'->4) 
chains 

Among the transglucosidascs are also the branching cnzjracs of animal 
and plant tissues (cf p 443), these cnz>mcs cataljzc the transfer of 
oligosaccharide units from a(l~44)- to a(l~»6)*glucosidic bonds A 
similar type of reaction is effected hy cnzjmcs found m the molds 
Aspergillus mger and Aspergillus oryzae, which consort maltose to 
a(l->6)-oIigosaccharides such as panose (a-D~glucopyranosjI-(l-*6)- 
a-D~glucop>ranosjl-(l— »4)-«-D-glucop>ranose) and the related trisaccha- 
ndo in which both glycosidic linkages are (1~>6) bonds®’’ Preparations 
from A oryzae also catal>ze the transfer of glucosj I groups from maltose 
to the 3 position of a glucose unit 

In considering the specificity of the BO-callcd transglj cosidascs, it must 
be recognized that the cnziraes usually classified as hjdrolascs because 
they cataljze the lijdroljsis of particular gljcosidic bonds also catalyze 
transglj cosidotion reactions im oh mg these bonds If one considers the 
function of a gljcosidase to be the actuation of a gljcosidic bond in a 
hjdroljtic reaction, where water serves as the acceptor, this activation 
also facilitates reactions in which the hjdroxyl groups of alcohols, mono- 
saccharides, or oligosaccharides serve as acceptors Tins has been clearlj 
demonstrated for mvertaso^ (p 433), winch acts as a transfructosidase, 
and transfers jQ-fructofuranosyl units from Sucrose to a suitable acceptor 
The relative extent of transfer and lijdroljsis depends on the concentra- 
tion of the reactants, the nature of the acceptor {other than water), 
and other experimental conditions /?-Glucosidases (eg, cmulsm, p 
432) also catalyze transgt j cosidntion reactions, m w'hicli glucosjl units 
are transferred'*® Other types of transglj cosidation reactions ''atahzed 
bj gljcosidase preparations arc the cnzjmic transfer to suitable accep 
tors of ^-glucuronic acid units from ^-glucuronides,^^ and the transfer of 
galactosyl units from lactose’’* Furthermore, m the action of testicuhr 

S Peat et al J Chem Soc , 1956, 44, 53 

S C Pan et a! , / Am Chem Soc , 73, 2547 (1951) , J H Pazur and D French 
J Biol Chem 196, 2G5 (1952) 

”J H Pazur et al J Am Chem Soc, 79, C25 (1957) 

Edelmaa Adiancei tn Cmymol, 17, IK) (1950) 

S D Bacon Ann Repi, 50, 281 (1954) Btochem J, 57, 320 <1954), 
r J Alien and J S D Bacon ibul, 63, 200 (1956) 

E Courtois and M I^eclerc, Bull soc chtm biol, 38, 3G5 (1956), E M 
Crook and B A Stone Biochem J. 65, 1 (1957) 

’»VV H Fiahraan and S Green, J Am Chem Soc, 78, 880 (1956) 

’2M Aronson, Arch Bwchem and Btopkys, 39, 370 (1952), J H Pazur, 
J Biol Chem , 208, 439 (1954) 



CLEAVAGE AND SYNTHESIS OF GLYCOSIDIC BONDS 


453 


<5trxins of Eschenchia coli act on maltose, glucose is formed, but the 
ainount of the free he\ 0 'e (determined means of glucose oxidate) is 
equualent to onl} one-lnlf of the inaIto«e that has disappeared Here 
the clca\age of maltose is accomplished not b\ a Indroljtic meclianism, 
but bj a transglj cosidation leading to the formation of a polj saccharide 
uliich gi\cs a blue color xMth iodine Tlie enzMne nuolxcd has been 
named amj lomaltasc, and the reaction that it cataKzcs maj be xxrittcn 
n Maltose n Glucose + (glucose)n 

DoudorofT ct al ^honed this reaction to be reversible Monod’s data 
reopened the problem vvlietlier the production of glucose from maltose 
bj bacteria other than E colt i*. due to a-gluco«idascs or to enzv mes v\ Inch 
arc in fact tran®gluco‘'idaco« 

Since none of the knoun transgl>cosidasos has been purified appre- 
ci tbl} to dite, their relationship to other cnzjmcs present in the bacterial 
extracts ind acting on gljco^idic bonds cinnot be specified However, 
the di«covcrv of thc«e cnzvmcs is of general ‘'ignificancc because it 
dcmon'itrites that the «vnthc*'i‘' of gljcosidic bonds in all living sj stems 
docs not ncco«sarilj involve the direct participation of pho«phnto Tlie 
above di‘-cu‘‘®ion bring" to the fore the important generalization that 
‘‘Ome biological sj^tciu" contain ciizvincs winch can catahzc the forma- 
tion of pol> saccharide* of the aiiivlo«c tvpe bv the two following mech- 
anisms 

(11 filuco"c-l-pho"plHtc PolvMCcImndc + phoephato 
(2) OIuco*vl-l-gl\co"idc — • l*ol>s icchandc + sugar 

In both m‘-tanc(.s, the rcactivitv of the carbon 1 of glucose is enhanced 
h} tlic conv crMon of gluco«c to v dtrivntuc which c m serve ns a substrate 
for a tran-glv co"id ition reaction characterized b> a rclativclv small 
ch uigc in free cnergj It mu"t he strc*"td that m order to mike this 
(Icrivatut from free gluco'C cnergv is required, as will be seen from the 
di*cu‘-"ion m the next thaptcr, this cnergv nmj he derived from the 
cliav igt of one of the jiv roi>ho"plmle bond" of ndcno'>inc triphosphate 
However, once thi" derivative i" formed, and if suitable catalv'ts arc 
present in the biological sv-tein, Iht ‘‘vnthcsis of polv s'lcclnnde mnv be 
ofTerted bv exergome replaetmont rciction* 

Tirlier m this chapter it was imntioned that the formation of cvehc 
dcxtriiis bv Ilanllu^ vtoccran^ nnivla*e (cf p *130) is n transgluco^ida- 
tion rciction, enzvmc prcpirilions from tin* organism n!«o catalvze 
tr m«glucosidation reaction* m which linear poljgUico«c* interact vvitli 
tncli other to form a mixture of chorttr and longer chain*'’' A *imilnr 

'■‘f Norlnn: and H Irmdi J An Chem W, 72, 1202 (lajO), D Irrnrh 
tl n1 find 70 2a.S7 {lI>^t) 
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Fermentation and 
Glycolysis 




I'klentjon has alreadj been made of the important place occupied m the 
history of biochemistry bj studies of the fermentation of glucose to 
ethanol and CO 2 In 1810 Gay-Lussac shoTsed that the equation 
CoHizOfl-^SCgHsOH + 2 CO 2 describes the o\er-all reaction The 
nork of Cagniard-Latour, Schnann, and Kutzing sho-Rcd, m 1837, 
that the phenomenon of alcoholic fennentation in\ol\es the partici- 
pation of iiting jeast cells, these in\estigator8 and man> who followed 
them behe%ed that the act of fermentation is indissolublj linked with the 
h!e of the >east coU Foremost among the later students of this subject 
was Pasteur, nho made many decisive discovcnes about the chemical 
activitj of microorganisms Of special importance nas lus demonstration 
in 1861 that the production of alcohol from glucose b\ jeast is a process 
that does not require the participation of atmospheric oxjgen, ic , it is 
an anaerobic process This led to the epocli-raaking generalization that 
the act of fermentation is an expression of the ability of organisms to 
draw nourishment and energy from glucose m the absence of ovjgcn, as 
Pasteur termed it, fermentation is associated nith “la vie sans air" 
Pasteur’s studies shon ed that the anaerobic breakdown of sugar bj v an- 
ous microorganisms leads to the formation, not onij of ethanol, but also 
of other products lactic acid, succmic acid, butjnc acid, gljecrol AU 
these anaerobic transformation's of sugar were sub«umed under the general 
heading of fermentations, and it has become customarj to refer to 
'‘alcoholic fermentation,” “lactic acid fermentation,” etc 

AVilli prophetic insight, Pasteur recognized that living cells which 
require ovjgen for normal growth and function also possess the capacitj 
to derne energy from glucose by degrading it under anaerobic conditions 
Work during the succeeding 100 years amply demonstrated the correctness 
of this Mew that aerobic cells, both of unicellular and of multicellular 
organisms, can perform “fermentations" as well as the aerobic oxidation 
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li>aluroni(hsc (p 437) on mucopoljsacclnndcs, transgl} cosiclation reac- 
tions ln\ c been show n to occur 

It follows tlicrcforc that no sharp line of demarcation can be drawn 
between cnz\incs that cUahzc h>droI\feis of gljcosidic bonds and those 
that catalyze tran'gljcosidation reactions Some of the cnzjines origi- 
n ilK named gKco«ida«cs effect tran'sfer reactions in addition to hadrolj- 
si®, and some of tlic enzj mes named transglj cosidascs (c g , sucrose 
pho'-jiliorjla'-e, p 449) appear to catal\ze hjdroljsis It is probable 
that the «pccificitj of tlie transgh cosidases stronglj fa^ors the rejjlacc- 
ment reaction o\cr liadrol\j5is under the e\penmcntal conditions usually 
cmplojcd lIowc\cr, the unequiaocal stud\ of the relation of transglj- 
cosuiation to liMlroljsis bj such enzjmcs must await their purification 

As will be seen later, other so-called hadrolascs, notablj the estera'^cs, 
pho-phata«o‘', and pejitidaee«, cataKzc replacement reactions Under suit- 
able conditions, bome of these cnzjmes appear to act solelj as cntal 3 sts 
of transfer rcictions, and the extent of li>drol\sis is small 

H Wci ‘■iiniin, J Uinl Chun, 216, 783 (1955), 1’ Uoflmaa ct al , tbid , 219, 
C53 (1950) 
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T»mc mm — *- 

Fig I Rate of evolution of carbon dioxide in fermentation of glntoie b> a jeast 
extract Cone A no phosphate added, curve B, phosphate added, curve C, second 
addition of phosphate 70 mm after start of experiment (rrom A Harden^) 

Later, two other phosphor> latcd sugnr derivatives were isolated, the;if 
proved to be D-glucopjranosc*6--phosphatc (Robison ester) and o-fruc- 
tofui anose-6-phosphate (Neuberg ester) 



Fnjctose-I O-diplMaphate Glucose'-S-jihoaphsU Fruetose-$-phMpbale 

In the formuKe for the sugar phosphates, the phosphoric acid residue 
vs written m the undissocmtcd form This practice will be followed for 
comeniencc onlj , at ph>$ioli^ical -pil values, extensive dissociation of 
the — OPO3H2 group occurs since the pKj' anil pKn' v alucs of the sugar 
phosphates are near pH 2 and 6 r^pcctivelj* 
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of glucose and other metabolite*! The systematic stud\ of the enzjmcq 
responsible for the catalysis of the'C metabolic processes began onh after 
1897, \\hcii Buchner guccccdcd in obtaining from yeast a cell-free extract 
^^hlch able to con\crt glucose to ethanol (cf p 214) A xaluablc 
sumnnrx of the researche*' of Buchner and of his contemporaries may be 
found in the monognph by Harden* A rtMeu on yeast fermentations 
IS that of Xord and A\oi‘‘S- 

Thc early e\orkcrs recognized that yeast extracts ferment not onK 
glucose, but ilso fructose, manno'C, sucrose, and maltose, the last tno 
sugars presumably being fir^t hydroKzed In gKcosidnscs to form the 
component monosaccharide* Primarx attention nas guen to the fer- 
mentation of glucose by *uch extracts, and during the period 1900 to 1950 
main distingunhcd hiochcmnts participated in the elucidation of the 
mechanism of alcoholic fermentation After Mey erhof found that extracts 
of mammalian imncle cau*o the anaerobic degradation of gheogen to 
lactic acid (“gbcohsis"), the study of macrobic glycolysis and of 
alcoholic fermentation developed in pirallcl, the results obtained uith 
imnclc cxtricts illuminc<l the problems encountered in yon&t fermenta- 
tion, and Mcc \crsa It '\ill be conxcniont for tlic present discussion to 
consider fir^t the «ali(.nt facts about the anaerobic hreakdoun of glucose 
and other mono'accliandcs m microorganisms and tlien to examine tiie 
situation n^ it applies to mammalian muscle and other animal tissues 

Fermentation of Hexoses by Yeast 

An important initial step m the *tudy of the mode of action of xca^t 
ixtract*- on gIuco«c ua* taken by l!ar<ltn and "doling m 1905 Tlic\ 
‘•ho\'cd tint tilt jiroduction of COj from gluco=e began at a rapid rate, 
but qinckb fell olT unlc««! inorganic phosphate ucre added 1 Ins i* shown 
in Fig I, winch illu-lralo* the dependence of the rate of fermentation 
(as int I'-urcd 1)\ COs c\olution) on the prc-cncc or ab«cncc of added 
inorgnnic plio-plnte Harden and "^oung \Uo found that, in the course 
of tlie fcniuntation, tlie a<ldcd pho'-plntc di' ipi>carcd They concluded 
there fore th it it was Iicing conxirtid to orgmic pho-phatc, and succeeded 
in i-(iliting a luxo-c dipho-phate (lInnIcn-'V oung ester), liter shown to 
he o i»-fru{ tofur ino'C-1 ti'diplio-pli ite llirdtn and \oung sugge-ted 
lint (be following eepintion dc'cnlud tlie fermentation 

-t 2H3P04 -* 

2CO. + 2aH .OH + Crlli^O. (PO-jHj). + 2H,0 

• \ llerdcn f « *’»n«‘nf<ili«H inl 14 1 ouRniin* Gircn nnd Co 

lo-.icn JOiT 

5 1 I Non! nml *5 l\n« m J II '•uinti*‘r nn<l K Mirbirl The Ftitumcs 
(KnjwrCI Nnd.tnic Pn"* Xe^york JO.I 
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nose units as constituents of the polysaccharide chain® The enzjme 
catalyzes the reaction of ATP nith glucose, fructose, and mannose, the 
Kn 'value for mannose is similar to that for glucose (ca lO'*'* M}, 
whereas Km for fructose is about 10“ ® fl/® With fructose and mannose, 
the corresponding C-phosphates also are formed N~Acelylglucosamine 
does not serve as a substrate, but glucosamine is con\ erted to glucosamine* 
6-phosphato !vlg2+ is essential for the action of hexokmase Although 
the plioaphor\lation of glucose by ATP is a stronglj e\ergonic reaction 
(cf p 375), its rc\crsibihty has been demonstrated experimentally,^ and 
It IS not '“irreversible,” as sometimes stated Animal tissues contain huo 
kinases that differ in many respects from yeast hexokinabe, and cnivune 
preparations specific for glucose (glucokinnse) or fructose (fructokmase) 
have been described (cf p 500) Specific glucokmascs have been reported 
for some microorganibms, and a specific fructokmase has been found 
m pea seeds® 

Glucose-G-phosphate w as first isolated bj Robison® as part of a 
ture which also contained fructose G-phosphate, subsequent work b> 
Lohmann^® showed tliat there is an enzjme in muscle extracts, later aho 
found in plants, which catalj zes the attainment of n mobile equilibnuni 
between these two sugar phosphates This enzyme has been named 

Glucosc'G-phosjiliatc Fructose-6-pliosphato 

phosphohexoisomerase (or phosphoglucoisomcrasc) , at equilibrium there 
IS about 70 per cent glucosc-C-phosphatc and 30 per cent fructose b- 
phosphate fpH 8, 30® C) The reaction proceeds via an enediol inter- 
mediate, as shown 

OH OH 0 

i 1 t! 

—CH—CHO ;=i — C=CHOH — O-CH 2 OH 

It will be recalled that Harden and Young isolated frucfosc-1,6' 
diphosphate from the fermentation of glucose bj j east The fo mation 
of this derivative involves an enzyme-catalyzed transfer of phosphite 
from ATP to fructose-6-p!iosphate Thus, to prepare glucose for fer- 
mentative breakdown, two separate transphosphorylation reactions 
involving ATP are required Tlic reaction by which fructose-G-phosphatc 

5H Boser Z physwl Chem, 300, 1 (J955) 

« M W Slcm el al , ^ Diol Chem , J«6, 763 (I95Q) 

L Gamble, Jr, and V A Najj-ir, iScunct, 120, 1023 (1054), J Btol Chem, 
217, 695 <1955) 

® A Medina and A Sols, liwchim ct Bwphys Acta, 19, 378 (1956) ^ 

Robison, The Siffntficancc oj Phoiphonc Esters tn \felabolttm New '^ort 
Unnersity Press, Neiv York, J932 

Lohmann, Biockcm Z, 262, 137 (1033) 
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The question to be con«ulcrcd nc\t is the metabolic relationship of 
thc=e three phosphor} latccl hc\oscs to glucose It will be recalled that 
Harden and Young had found that dial} sis of a \cast e\tract destro}cd 
its capacit\ to ferment glucose (cf p 307), one constituent of the 
(bah sate was later shown to be the cofactor dipho«phop}ridinc nucleo- 
tide (ITPN) This IS not the onij substance essential for fermentation 
that IS lost on dial}t:is, other substinces are certain inorganic ions, 
thmminc p}ropho‘-phatc (p 475), and ndcno''inc-5'-tripho«phate (ATP) 
or the clo'ch rel itcd adcno5ine-5'-dipliO'i>hatc (ADP) and adcnosine-5'- 
inonophosphatc (AMP) If to a diahzcd aca^t extract one adds gluco«e 
and inorginic pho'-pbato, no pho=:phor} hted sugars can be demonstrated 
in the mixture Ilowcicr, upon the addition of ATP and ilg-'*' ions, 
gluco'-c IS pho'-phorx Uted h\ the transfer of the terminal phosphate of 
ATP to the G-h\dro\xl of glucose to form glucose-G-phosphatc The 
GIucO'C + ATP ^ Gliico-'e-G-phosphntc + ADP 

di'icoxcn, of this transpho^phorjlation reaction stems from the work of 
Mc^e^hof, who in 1927 named the cnzjmc that catal}zcs it “liexokina'-o ” 
Till" cnz}inc is rcprc"tntati\c of a group of tranepho'phorvlasc-j that 
catahzc the tr\i\"fcr of the tcnmnal phosphate of VTP to a suitable 
acceptor, «uch cnz}mc'> arc frtqucnth denoted “kinases, " a prefix being 
added to indicate the nature of the siib'-tuncc that is phoejihor} latcd 1)} 
ATP A more de"cripti\ e dc'igimtion of hcxokinase might be ATP-hexose 
transplio«plior}!a«o 

\t fir^t, the licxokma«c reaction was thought to be 

2 Gluco"c + AFP 2 Gluco'C-C-pho"pbato + AMP 

1 Utr work “bowed, liowt\cr, that crude hcxokinase iireparations contain 
an (iizMiit (imokini'-c, uknNlate kina^c) that catahzc«5 the reaction 

2 ADP ATP + \'MP^ Fhu*; the prt*-eiicc of nnokina'-e leads to the 
torncr'ion of 2 inok" of gluco-t to gIuco“t-G-pho'j)hate jicr mole of 
\TP comerted to AMP in a procc"" linked bj ADP Aljokina^c i<= not 
r("trictid to mu'-ck, as its nmne ‘•uggc'-t", but is wide!} di-trilnitcd in 
biologic il "V •‘tcui" It mu l»t tenmd more corrteth xV FP- LMP trans- 
pliO'ph()r\ 1 uc, and is a mimlxr of a group of cnzxmcs that tatiKzo 
the intercom cr-ion of mirkolidc" (CliipUr r>) Cr\*>talhnL nuokinasc 
liu" laen prepirtcl from ribbit imi-clc 

^ ( I't ht\okma"t hi" bun nbt iinul m cnstillmc fornp (p irticlc 
wu^lil n 97,000), it b u bun npoiicd to bt a gUcoprotun with mui- 

r C.>|(jwirk mill H M bikkir J llu,l (hem 110, 117 127 (lOH) I, No<h 
an«i s \ Kaln, 220 Ml, V.l <ia>7) 

M Il-rc-r ft nl J (..f, /V.jfW 29. 379 (latC), M Kunitr ind M U 
Mrl) nil I i).i ! 29. 3‘Cl (mio) 
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studies vnth isotopic glucose- 1-phosphatc, labeled with and with pss 

The initial recognition of glucose-X,6-tiiphosphatc as a cofactor in the 
phosphoglucomutase reaction stems from the work of Cardini et al,^® 



who pointed out that the usual preparations of glucose-l-phosphate 
contain enough of tlie dipiiosphatc as an impnntj to permit the reaction 
to proceed Thus, in the o\ cr-all comcrsion of the l-estor to the 6-cster, 
the lattei compound arises dircctlj from the depUosphorjlation of the 
cofactor, and a new molecule of the diphosphate is fonned from the I* 
phosphate Moreo% er, the enzyme protein participates m this phosphate 
transfer, and is dephosphorjdated or phosphorj lated Thus the phos- 

phorylated phosphoglucomutasc (the phospliorjl group is probably bound 
to the ^-hjdrovjl of a senno residue) donates phosphate to glucose-1- 
phosphate (G-l-P) to form gUicosc>l,6-dipliosphate {G'l,b-P), the 
resulting dephosphory latetl cnzjme accepts a phosphate from G-l,6-P to 
form glucGse-6-phQsphate (G-6-P) It maj be added that jeast and 
G-l-P 4- enz>mc-P ^=i; G-l,6-P -f enz>rae 
Enzjmc 4- G-l,6-P ^ Enzyme-P 4- G-B-P 

muscle contain an enzyme (glucosc-1 -phosphate kinase) that catalyzes 
the phosphorylation of G-l-P by ATP to form G-l,6-P Furthermore, 
a glucose-2-phosphatc transphosphorylasc present in bacteria and m 
muscle catalyzes the reaction*® 

2 G-l-P G-l,6-P 4- glucose 

i«C E Cardini ct al, Arch Biockem 22, 87 (1919) 
i»V A ^aJlar and M E Pullman, 119, 631 (1954) 

C Paladmi et al Arch J5jocA#m, 28, 55 (1919) 

B Sjdbury ct al , / Biol CAept , 222, (195G) 
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IS cnn\ertc(l to the l,G-dij)ho'pIiate is much like the hcxokinasc reaction 
and IS cliaracteriztd b^ a large negatne -ir' aalue Tlie cnzMiie that 
calahzcs the fonnation of fnicto^c-1 ,6-dtphospl\ato is termed phospho- 
liexokina^c (or pho'phofnictokina«c) , it has not been studied c\tcnsl^ clj 

rructO'O-G-phosphatc + ATP Fructo«e-l,G-dipho'phatc + ADP 

Apparcntlj, ino-ine tnjiho'-phatc (ITP) and undine tripho-phatc (UTP) 
aKo donate tiicir tcriinnal pho^phorjl group- to fructose-G-phosphate in 
an dogous reaction-" Although enz\mcsy (termed nucleoside dipUos- 
phokin iscs) ire knou n that catah zc the reaction’ 

ITP (or ITP) + ADP — IDP (or TOP) + \TP 

thc\ do not seem to be m\ol\ed in the transfer of pliospliatc from ITP 
and LTP to fructoso-G-pho-phatc 

A- indicated above, the equilibrium m the pho-pliohc\okmase reaction 
IS fir in the direction of fructosc-I.C diphos^pliatc In iuological sj stems, 
the conversion of tlii^ compound bick to fructo'^c-G-pho-phatc is cfTcctcd 
hj a rchtivclj «pccific phosphatase (fnict05C-l,C*diphosphatasc), identi- 
fied in plant« and in animal ti-suc« " 

It 1 - appropri itt at this point to discuss the relation of gluco«c-G- 
plio^'jilmtc to gliicosc-l-piio-phatc (cf p 438), tlic initial product of tlic 
plio«))horol\ tic cicav ago of ‘starcli (in plants) and of gl\ cogen (in muscle) 
Oluco-c-l-jiiiospliatc i- rcadil) converted to gluco«c*G'pho«pliatc through 
the c italvtic agenev of an cnzvinc named pho«phogliicomutaso, nhicli has 
ht(n oht lined in purified form from j cast and li is been ervst ilhzcd from 
cMrict- of rabbit muscle" particle weight is about 74,000 At 
ccimhhnuni about 91 "» per cent of gluco«e-G-phospliato and 5 5 per cent 
of glnco'i-l-pho-pli ite arc pre-cnl, a/ ' - — 1 7 kcil per mole (pll 7 "y, 
30'’ C) for the conver-ion of the I-estcr to the G-c-tcr The presence of 
c\ -teine and of magnt-iimi ion« i- c— entn) for enzv mic ictiv itj , although 
crude enzv me prcpiration- arc al-o nctiv itcd hv manganese or cobalt 
lone Mithcrhnd et al liavc shoun (hat, m order for the cnzvniic 
mt(rconvtr-ion of the two gluco-e phoephitce to ho effected, there muet 
he pre-cut i c'ltaUtic amount of gUico-e-l.G-dipUocphate, and that tlic 
fimclion of the cnzvinc i- to cat ilvzc a tr in-pho-phorv lation m viliich a 
pho ph i(c group i- trin-fcrred from the ehpho-phatc to a monopho>phate 
Ihi- m(chim-in of the pho-plioglucomuta'e reaction was confirmed m 

"K I ins nml H \ I-nr«h J im CA«m 76 2 <-l 2 
i-p lUrsfttjd v\ 1\ Joklik J lliril Chrm 210 C.>T 

(...mori J Hu. I (hvi 110,139(1911) H M Poprll nml H V\ McGilvm 
iI'k/ 20fl lia (I'lVI) I C MokrurlianlK V\ UKuhen, 221, 900 (19o6) 
n\ A Najjsr J Hu! 17S 2si <t9ts) 

*^1 VV SullirrLwiil ft al J thol CAcin, IflO, 12S5 (1910) 
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\ertcd to glucosc-l-pbosphate m a senes of reversible reactions that 
in\ohes undine diphosphate glucose (UDPG, cf p 205) as a cofactor 
First, galactose-l-phosphate reacts Tvith XJDPG to form glucose-l-phos- 
phate and UDP-galactose (a galactosyl residue in place of the glucosjl 
residue m the formula for UDPG on p 205) The enz>me that catalyzes 
this reaction has been termed a "uridyl transferase,” because a undme 
TDonophosphorjl group is transferred rcicrsibly from UDPG to galactose- 
l-phosphate** The UDP-galactose is then subjected to a remarkable 



fig 3 Enx>me-f”ita1>2ed intercom ersions of hexose monophosphate'! The phos- 
phorjl groups are denoted P undjl emups U and acetjl groups Ac 

cnzjmic transformation m which the configuration about carbon 4 of the 
galactosjl residue undergoes Walden inversion to form a glueosjl residue 
The cnzjmc sjstcm responsible for this inversion has been named 
“galactow aldcnase” or "UDP-galactosc 4-cpiincrase ” It is probable that 
the process imohcs intermediate oxidation and reduction, since DPN'^ 
IS a cofactor for the enzyme-catalyzed Walden inversion 
These conclusions about the initial steps in the fei mentation of galac- 
tose bj jeast arc summarized m Fig 3 Thej also applj to the metab- 

231, F Loloir, Adtancci tn Enzymol, 14, 193 (1953) 

M Kalckar, m W D McEiroy and B Glass, The Mechanmn oj Enzyme 
Actum Jolms Hopkins Press, Baltimore, 1951 

S Maxwell J Am Chem Soc, 78, 1074 (1956), H M Kalckar and E S 
Maxwell, Biockim et Bxopbys Acta, SZ, 688 <1958) 
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The probable metabolic relations m jeast cells, among the \arious 
liexotcs and hcxO'C phosphates discussed abo\c arc summarized m Fig 2 
Tiicse compound*' arc linked to a poh saccharide «uch as starch through 
the pho-'pIiorvJa'c-catahzed reaction of gJuco«c-I-pljospliatc Since the 
reactions linking the polj saccharide, glucosc-l-phosphatc, and glucose- 



flfl 2 I’robd'lc mol'iliolic rchlioni among hrtO'C phosphates id >ca.«t 


0*plio«phnto, are frcel\ reacrsiblc in the presence of tlie appropriate 
cnzjmes, one ina\ begin uith glucosc-C-phosphatc and form polj sac- 
charide This i\as achic\cd cxpcnmcntallj nith partially purified 
enzymes from muscle*'’ 

Enzymic Transformations of Other Hexose Phosphates 
In addition to ghico'c and fnicto'-c, other mono'-actharides are metab- 
olized b\ inicroorg ini'-ms or aninul under uiacrobic conditions 

It u 1 “ mcntiont<l before timt (r\«=tdlmt xta*-! hcNokina^c cUalyzes the 
plio^phora lation of nnnno-t h\ A FP to form m inno'c-G-pho'phate Tlic 
cnzMuic con\cr**ioii of thi- ‘•ugar phosphite to fruttO'C-G-pho'-phntc 
!ii‘< h(tn -honn to he i/Ttctc*! h\ nii enzyme fourul m mu«clc extract® 
and pri'umtxl to be m aei^t a® wtll Thi® tnz\mc lia-' been termed 
piio'lihonnimo-e I'Oineri'-i •’ At t<|iiilibrium, about 40 per cent manno'C- 
G-phO'phate and GO per cent fnicto»e G-phoeiiliate are pre-ent (pH S, 
ao= C) 

Iln firmentition of g i] ictO't require" an initi il plio-fihore lation liy 
\1I’, cit'iKzid b\ the (fiZMnt g d ictokiiu-e The jirodiict of tin® 
rnction, g d irto « -I-plio-pli (not g il ictO'C G plio-ph itc) i" con- 

I* tolowick nntl I W ‘‘Htlurhml J //r«7 (littt lit, 133 (1912) 

M W ‘•If in J liiol Chrt inCi, 753 (ia.,0) 

I TniroKtil, Irr). /WA. m. Ill, 137 (I'MSl 
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In the re\ ersjblc com ersion of N-aectylglucosamine-O-phosphatc to the 
1-phosiphate, glucosc-l,6-diphos])hatc acts as a cofactor, prcsuraablj m 
a manner analogous to Us role in fJic phosplioglucomutasc reaction {cf 
p 461) As 'i\ith glucosc-l-phosphnte, N-ncctylg)ucosamine-l-phosphate 
participates m an cnzymc-cataljzcd reaction uith UTP to form UDP- 
accUlglucosamine and pyropliosphate, similarly, with glucosamine-1- 
phosphatc, UDP-giucosamine is formed*’^ EMdcnec also has been 
obtained for the formation of UDP-acctylgalactosaminc from UDP- 
acctylglucosaminc b> enzymes analogous to those discussed above for 
the intcrconvcrsion of UDPG and UDP-galactose These cnzjmic 
pathways thus scr\c to link pliosphorjiatcd hexoscs m the anaerobic 
metabolism of glucose with the synthesis of the 2-ammO“2-dcoxyhcxose8 
present in \anou8 polysaccharides (cf Fig 3) 

It will be seen from the abo^c discussion that at least two tjpes of 
enzyme-catalyzed urid>l transfer reactions arc known, m both of which 
a pjrophosphate bond of a UDP deruatne is cleaved One of these 
18 tjpificd bj the reaction 

0 0 0 

li i ii i! 

Undine — r — 0 — P — 0 — sugars -f* sugars — 0 — P — OH 

in hn in 

0 0 0 

Hi II „ i 

Uridmc — P — 0 — P — 0 — sugar 2 + sugari— 0 — P— *0n 

in (!)h in 


the arrow's denoting tiie site of clea\agc The Eccond tjpe of reaction 
inrolvcs tlic clear age of UTP by a sugar phosphate 


0 0 0 0 

, II i II I' II 

Uridme— P— 0— P— 0— P— OH + sugar-O— P— OH 

in in in in 

O O 0 0 


Undine — P — 0 — ^P—O— sugar -b HO—P—O — V — OH 




H OH 


in diH 


Eridence for these tiro meebamsms comes from isotope experiments in 
rrhich C^^-labeicd giucose-l-phospbate or P^c,]abc]cd pjropliosphate 

»' J L Rctoib j Btol Chem, 219, 733 (1950) 

®''r Malcj ct al, 7 Am Chem Soc, 78, 5303 (1950) 

“A Munrli-I'etorson, Acta Chem Seitnd, 9, 1523 (1955) 
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olittin of galactose in animal tis«:ues Of special interest is the di''co\cr\ 
1)} Kalckar et al*'‘ tint, in the hcrcditan childhood disease knoun as 
galactosemia (characterized b\ abnornm! galacto'e metabolism), the 
und\I tran'iftrasc acti\it\ of et\cral tis-'UC" (cr\ throe} te&, Iner) is 
great!} lowered, luding to an accumulation of g i! icto«c-l-phosphato if 
gilactose or hetose is fed 

It will be recalled that UDPG is a participant in the bios}nthcsis of 
"luro'-e from gluco«e-l-pho«phatc and fructo'C-G-pho-'phatc (cf p 450), 
\east extracts aNo catal}ze the reaction of UDPG with gluco«c-6- 
plio-phate to form the nonreducing disaccharide trchaIo«c pho«phntt-^ 
(cf p 415) It n probable that I'DP dernatnes al^o arc ln^ol^cd in 
the bio=\ nthcvn of 1 ictO'C in the inammar} gland the galacto-c portion 
of the di** icchande appear- to ari-'C from pho‘:pho^^ latcd hexose-, whereas 
the gluco-o portion i« dernetl from free gluco«e 
Among the I DP dern itucs found in xcast, in higher plants, and in 
mnnmiliin ti— ue- i- I DP-N-acct\Iglucosamint, in which a p\rophos- 
phatc bond joins I MP and N*acct}lgluco«aimnc*l“pho'‘phntc, this UDP 
«kri\ itne appear* to be an intermediate m the bio«\nthc!!is of cliitm"^ 
(p 423) lAtract* of Ii\cr and swine kidnc\ contain cnz\incs that 
cataUzc the formation of fructo-c-6*phospbatc, ammonia, and acetate 
from X-ncctslgluco-atmnc-G*pho«pliatc, as well n* the con\crsion of the 
Ia«t-n lined compound to the corresponding l-pho«idmtc®'’ K-Acet}lglu- 
co- iiiiinc-O-pho-phate can ari«c b\ enzamic tran-fer of the acct}l group 
ofactlsl'CoA (cf p 482) to ghico-amine-C-pho-phnte,^> which npjicarb 
to ho formed from fruc(o-o-G«pho'phatc b\ a reaction iinoKing gluta- 
mine,'’- the (iiZMiiic l>rcakdowii of glucosamine in\ol\cs its prior 
coincr-iou to gluco- iminc-G-plio-pliatc, which is deaminated to fructo*e- 
G-pho-pli itc 

Acet>l-CoA 

N-AcetilRlucoiaminc- ^ ' Glueosaminco 

6-phwphale G^phosphatc 

-'’11 M Knkkir ct ftl , rl lunphyi Acl'i, 20, 202 (I9 jC), /'/ ii/j-iul /ift#, 
30,77 (ia>S) 

••I 1 Ixloir nnii J C»(ub, 7 !»« Chrm Sttr 75, 511^ (10>3) 

"'J ] (nn'krcl nj trrli fhttrhttn anti Hutphyx 60 io') (10^5) II G oo«! 

fl nl J lliol 226 1023 (ia»7) 

■*51 (.Uvrnndl) 11 Ilrown J Ihol Chrm 220, 729 (10.7) 

*'’1 I I^Ioir and C 1 Cmlini Itutchxm rt ittophy^ Artn 20,33 (ia.C) 

T ( Clmti nmi M J UitJ C/«rfn^ 196, IW (19*2), I A D«M<l*on 

<lnl I?../ 226 12j(1'i,7) 

2 II M iV.fll nnd It M (.nd.r / Ptot ( hrm 220.701 (ia, 7 ) 

(• Coiiil. nnci - Koorriiin UmcJnm rt Umphyf Icrn 21, 193 (IpiC) 

J II Uolfr c t ftl Irili Hurhfn nnl Uiiiphy* 61 1^ l‘^9(ia*,0) 
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phosphoglyccnc acid, later identified as i>-3-phosphoglycenc acid (3-phos- 
phor>l*D“glyccnc acid) The same compound was found to accumulate 
m fiuonde-poisoned muscle extracts undergoing gljeoljsis Accordingly, 
attention was diiected to the reactions leading from fructosc-ljG-diphos* 
phate to S-phosphogly ceric acid In 1934 Meyerhof and Lohmann^® 
showed that fructQhe-l,6“dipl)osphate is converted by muscle extracts to 
2 moles of triose phosphate, thus prmiding experimental proof for a mcw 
CA pressed by Embden m 1913 The further study of this cleavage shoiied 
that the fructose-ljb-diphosphatc is concerted to equivalent amounts of 
D-glyceraldehydc-3'phosphate and dihydroxj acetone phosphate by a 
specific enzyme, now termed “aldolase Tlie unequivocal chemical 
synthesis of those two trioses has been achieved by FiSchcr and his 
associates 

OH 
! 

tCH20P=:0 

I I 
I OH 
«c=o + 


iCHiOH 


lactose*'! S-dipliMpltfU thh^droxyicetooe 

pho»plMt» 


4CHO 

shLh 

I ?« 

eCHjOPsO 

OH 

D‘Glyc6Talj*^a* 

S-pbMpluiU 



As IS indicated in the equation, the cleavage between carbons 3 and 4 
of the hexose unit occurs m a reaction which is the rcvei^e of an aldol 
condensation The equilibrium constant in this cleavage, as catalyzed 
by partially purified preparations of aldolase, is 1 2 X (38'^C, 
pH 7 3) , under the conditions used, 89 per cent of fructose-1 6-diphos- 
phate and 11 per cent of the tnosc phosphates are present at equilibrium *“ 
Thus the equilibrium is far to the side of the hexose diphosphate, and 
aldoUiae should readily catalyze the cxorgoniL condensation of the two 
triosc phosphates to form fructose-1, 6-diphospliatc by an aldol condensa- 
tion In fact, Fischer and BacH’ showed that, in dilute alkali, n-glj cerai- 
dchyde and dihy droxy acetone condense to form a mixture of fructose and 
sorbose, no enzyme being required for this reaction A similar condeiisa- 

35»0 Mejorhof and K Lohmann, Z 271, 89 (1934) 

'♦f'O Meyerhof, m J B Sumner nod K Myrback, The Enzymes, Chapter 48, 
Academic Press, Ise%% \oik 1951 

•«C E Ballou and H 0 L Fisclipr, J Am Chem Sac, 77, 3329 (1955). 78. 
1659 (1956) 

•*-0 Meyerhof and R Junowicz-KothoUty, J Btal Chem 149, 71 (1913) 

0 L Hschcr and E Baer, Helv Chim Acta, 1% 519 (1936) 
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was used It is of interest to note the simihrit\ between the abo\c 
reactions and the pjrophospliorohsis of DPX and FAD (cf pp 310, 
336) An analogous reaction appears to be important in the sj nthesis of 
phospholipids, here cjtidinc triphoNphatc and choline phosphate react to 
gi\e cytidinc dipliosphatc cliolinc and pjrophosphate (cf p GIG) Still 
another reaction of this t\pc is that between guano^mc triphosphate and 
inannose-l-phosphatc to form giianosine diplio«>j)h ite mannose'*’ (p 205) 
In addition to the abo\c met ibolic reactions of UDP dematues, it has 
been show n that the 6 position of the gUicosj 1 residue of UDPG is oxidized 
cnzymicallj bj DPN+ to jitld liDP-glucuronic acid^** (cf Fig 3) 

The cnzjmts operatnc in *‘C\eral of the transformations showTi m 
Fig 3 lm\e not been punfinl c\tinsntl\, ind future work ina> make 
necessarj some reaision of the ■‘(heme Xexerthelc&s, these reactions 
underline the importance of uridine nucleotides in caibohjdratc metab- 
olism, other aspects of the metabolism of these nucleotides will be 
considered in Chajitcr 35 

Cleavage of Hexose Diphosphate 

Attention max next be gnen to the metibolic step-* that lead to the 
cleaxago of the carbon ■‘kekton of fruitosc-I.C-diphosphatc and the for- 
mation of ethanol and CO. clue to tin nature of the intcnncdiatc 
products came from thi work of Ntuberg, who sliowcd in 1918 that, if 
one added sodium sulfite < > i.M > i l to the fermenting x cast extract, there 
appeared equix alent qu intitU' of utt ddehxdc tin the form of its bisulfite 
dorixatixc) and of gKccrol I iidcr tluK condition^ the amount of alcohol 
and CO 2 formed was, m irkcdh rcduc<.d Tins “sulfite fermentation” 
method proxidcd the Imm-' for the dtxilopincnt of an indu-trial process 
for the manufacture of glxctrol Ncubirg’s finding indicated that acctal- 
(Ichxdc was probihlx tlit pricur*or of tth mol m the ferment ition, and 
that the gljecrol iind bten dtrnt«l from throe-carbon unit*? fonned bj 
cloaxagc of the hexo'^e On tin of tlit'-c and other rc'-ults, Xculicrg 
proposed a scheme of alcolioiic ftriiuntalion which was accepted until 
about 1930, a«? a rc'-ult of -ub-Kpunt work, 1 irgtlx bx Mc>crhof and Ins 
n'-ociatcs, it ii is been Mqipl mted md will not be di-iu^ed Iierc 

Xeuberg’s demonstr Uion of the role of acet ihh hxde is un intermediate 
came from the U‘t of sulfite i*- i tripping agent, the dici'-ixe ad\ ince in 
the elucidation of the precur-or'* of acit ildehxde emerged from the U‘c 
of (uzxme inhibitor" In 1910 it was ob^erxed that the addition of 
fiuoridi. ion«? to fermenting xe i*-! exlricts led to the aicumuhtion of a 

Mimcl.-Pctcr on \claCh,m VW 10 02*5 < in , 0 ) 

''trommel r 1 1 nl J Uml ( krm 221, TO I S MnxwrII rt a! /Irc/i 

lUnchrm and ii.ophv' 63. 2(lO»r,) 
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nearly 2 moles of dihydroxyacetone phosphate, this mixture of aldolase 
and isomerase l^as originally tenncd “zymohexasc,” but the term has 
noi\ been abandoned Triose phosphate isomerase has a remarkable 
catalytic actu it> , its turnover number at 26° C is nearly a million moles 
of substrate per minute per 100;000 grams of protein 

The demonstration that gIyceraIdchyde-3-phosphate is an interme- 
diate in alcoholic fermentation was a consequence of its synthesis by 
Fischer and Baer m 1932, and of the finding by Smythe and Genscher 
in 1933 that this substance is readily fermented by yeast From these 
and subsequent studies it became clear that, of the two tnose phosphates 
formed upon cleavage of hexose diphosphate, it is the glyceraldehyde 
phosphate that is converted to alcohol via acetaldehyde The immediate 
fate of gly ceraldchydc-3'phosphate was elucidated in Warburg’s labora- 
tory tiirough the isolation oi a crystalline gly ceraIdehyde-3-phosphate 
dehydrogenase from yeast, this enzyme, also called tnose phosphate de- 
hydrogenase, catalyzes the con\crsion of glyceraldchyde-3-phosphate to 
1,3-diphosphogly ceric acid (p 324) As noted previously, the dehydro- 
genase has al‘50 been crystallized from rabbit muscle 

Gly ceraldchyde-3-phosphatc + HjPO^ + DPN+ ^ 

1,3-DiphosphogIyccnc acid + DPNH -f 

Of special importance m relation to the effect of phosphate in the 
experiment of Harden and Young (cf p 457) is the fact that the uptake 
of inorganic phosphate during the fermentation of glucose is associated 
with the oxidation of glyccraldcliyde-3-pho«phate, when the supply of 
inorganic phosphate is exhausted, the fermentation halts at the stage 
of hexose diphosphate The presence of inorganic phosphate is indis- 
pensable for the remo\al of glyceraldehyde phosphate from the equilibria 
catalyzed by aldolase and by tnose pho‘=phate isomerase, since the 
energetic relationships in the aldolasc-catalyzed reaction arc such that, 
if the tnose pliosphates arc not ^cmo^ cd, hexose diphosphate accumulates 

The reaction catalyzed by glyceraldehyde phosphate dehydrogenase 
has been discu'-scd prcaiously in relation to its coupling with the transfer 
of the 1-phosphate group of 1,3-diphosphoglycenc acid to ADP (cf 
p 373) Tins transphosphorylation is catalyzed by ATP-phosphoglycenc 
transphosphoryla'c (or 3-pho'5phogIy cerate kinase), an enzyme obtained 
m crystalline form from yeast and from muscle This enzyme, like 
other transphosphorylascs, requires the addition of magnesium (or man- 
ganese) ions for activity In the reaction cataly’zcd by the enzyme, the 
equilibrium for the equation ‘*hown is far to the riglit (A"= 33 X 
pH 7, 25° C) 

*1T Buc}i<>r, Biochim el Btophyf Acta. 1, 2D2 (1917) 
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tion reaction had been effected bj E Fischer and Tafel in 1895 The 
aldohsc-cataljzcd reaction appeirs to be specific for the condensation 
of dlh^dro\^ acetone phospliate uith one of a \nrictj of aldeli} des/‘ tiius, 
if D-Rlvccraldehj de is present, fructosc-I-phosphate is formed With 
onl\ one known e\ccption, all the condcnsition reactions found to be 
catalyzed bj aldolase lead to the frans-confifiuration of the liadrowls 
at carbons 3 and 4 of tlic resulting licxo-e phosphates (sec formula of 
fructo«c-l,G-dipho'>phatc) Isotope studies ha\e suggested that the 
enzMne combines witli dih\dro\j acetone phosphate m such a wa> as 
to labilize one of the 2 ludrogen atoms on carbon 3 in a stercospccific 
manner 

Aldolase actiMta has been found not onl\ m muscle and jeast extracts 
but in extracts of higher plants as well Cr^staIllnc preparations of 
aldol ise ha\c boon obtained from mu'^cle b\ scxcral m^ cstigators 
The particle weight of rabbit mu'-cle aldolase is about 149,000 

Although crjstallinc aldolase preparations can clea\c fructosc-l- 
phosphate to dlh^drox^ acetone pho'^phatc and ghceraldchjde, it appears 
Iikclj that in some tissues (mammalian lixcr) a separate “fructose-l- 
phosplute aldolase’’ i'- pic'^tnt which cITccts this reaction^® (cf p 494) 

Examination of the structure of the two isomeric triosc pliosphatc‘5 
formed bj tlic clca^ age of hcxo'^c dipho'phato sliows a stnictural relation 
resembling that oh«cr%cd in the I'oimrism of glucose and fructose As 
noted abo\c, there i' in tnz\mc (phosphohcxoi«omcra®c) which cataljzcs 
the rc\tr'ible isoiiitnzutioii of ghieosc-O-phosphatc to fructose>G*phos- 
phatc An isomcn«e winch cit ihzes the interconxcrsion of gljcoraldc- 
lndc-3-pho»pliate and dilndroxx uctonc phosphate is present in extracts 
of muscle and of jeast this onzxnic, eilled tnose jihosphatc isomerase 
or plio>phogl\ ceroi'oincr I'C In*- been crxstalhzcd from mu'-cle The 
cciuilibrium concentration'- irt 1 per cent gljccraldchjde pho«iphate and 
9G per cent dihx drox^ acetone phosphate AF' “ ca — 18 kcal (/dl 8, 
25° C) per mole '* Therefore if an aldolase preparation contains nppre- 
oiahlc amount*! of the I'-omeri-e ni irl\ all the gl\ccraldch\dc phocplmtc 
ariMiig from htxo-e dipho-phite will be conxerted to dihxdroxx acetone 
phosphate In fact, the fir-t enidt preparations of aldoh'-e did xield 

^'T Tunc cl il Ihochirn »i Uio]>hy% \ctn M, •1‘n.S (lOJJ) \ I Ix-hnincrr and 
J ‘“irc J tm Chem 77 5311 fI9j5) 

* I A Ko'( and 5 Hird«r J In* Chem Xw 77, 57GI (10 j 5), II Hloom 

and ^ J Topper 121 ‘>S2 MOiGl 

<«T Ihnnow ki and T H Ni.d.rhnd J Ihol C/.tm IfiO 511 (lOio) 

* (i 11 ' 1‘riilirrz rt i! / Rli 5 .W (1^1,1) 

*'*1 I,*utliardt rt nl /lr!t Cl im Idn 36, 227 (lOVl) 37, 1731 (19^1) 

*•'1 Mc}fr \rrndt «t nl Nalurui .n<rAo//«n IP 59 (1933) 

Oo^prr and O Mceerhof ireh Hinchrm 27, 223 (IIXX)) 
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game phosphate is ah'a>s available for the formation of 1,3-diphospho* 
glj ceric acid However, the ATP-ase of yeast is verj unstable, and is 
largely inactivated in tlic preparation of the extract, the enzjme is 
inhibited by urethan or toluene, or by drying tlie yeast cells For this 
reason, during fermentation bv tlie yeast extract, ATP accumulates and 
the inorganic phosphate disappears If, houever, one adds to an extract 
that Ins stopped fermenting a purified preparation of an ATP-hydrolyz- 
ing enzyme from another source (c g , potatoes) , then the fermentation is 
rapidly restored Under these conditions, hexosc diphosphate is rapidlj 
fermented by the yeast extract, and the rate is comparable to that 
observed m the pro'sonce of inorganic phosphate The potato enzyme 
catalyzes the hydrolysis of both pyrophosphate linkages of ATP, thus 
converting it to adenylic acid (AMP) , the addition of too much of this 
enzjme to the yeast extract will destroy all the available ATP It is 
clear from the foregoing that the presence of ATP-asc in yeast cells 
(or the addition of the enzyme to a yeast extract) maintains a balance 
between the phosphorylation of glucose, for which ATP is required, and 
the phosphorylation of glyceraideliyde-3-phosphatc, for which inorganic 
phosphate is required 

The importance of the senes of enzyme-catalyzed reactions considered 
thus far in this chapter lies not only in its role in the fermentative 
breakdown of hexoses, but also in its relation to the synthesis of hexoses 
from smaller units The com ersion of 1 mole of glucose to 2 moles of 
pyruvate is an exergonic process (cf p 491) which can be reversed only 
if the multjenzyme system is coupled to reactions that provide energy 
It IS probable that, in the metabolic synthesis of hexose phosphates by 
many biological systems, the sequence from phosphocnolpynivate to 
glucoso-6-phospliate is the reverse of that m the breakdown, except for 
the conversion of fructose-l,6-diphosplmte to fructose-fi-pliosphate, 
which IS catalyzed by a specific phosphatase (cf p 461) Although the 
possibility of in enzymic phosphorylation of pyruvate by ATP has been 
demonstrated,®® it is believed that the major pathway for the conversion 
of pyruvate to phosphoenolpyruvate is a different one, and involves the 
participation of oxaloacetic acid (cf p 513) 


Formation of AcetaWefiyc/e and Efhano/ 

As mentioned before, the anaerobic breakdown of gIyceraldehy'de-3- 
pbosphatc by yeast leads to ethanol and CO,, via pyruvic acid and 
acetaldehyde It has long been known fiom the work of Ncuberg (J9U) 
that yeast can cause the decarboxylation of pyruvic acid to acetaldehyde 

A Lardi and J A Ziegler, J Stol Ckcm. 159, 343 (1915) 
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I I 

HCOH + \D1> ^ IK OH + ATP 

CH2OPO3H2 ('H2OPO3H2 

1 3-Dir!n»iihDsl} fcnc 3-1 ho«jY}iORl> fenc 

and and 

Since 2 triose phospliato moJec»ikv» ‘iri-o from I molecule of gluco5c, the 
last reaction sliould gi\c ri'^c to 2 niok" of ATP per mole of hexose fer- 
mented Clcarh, tiie npid rinio\al of D-gl\ ccraldehj de-3-pho«phnte 
from tlie reaction citaljze«i In it*: i«omcrase will tend to comert ncarl\ 
all the dihjdrowacctont phosjihatc to gljccraldeln do pho-phatc In 
the multicnzjme xj<tcm and in the absence of Mdc reaction'!, 1 mole of 
glucose will jicld 2 moks of o-3-pho'pl»ogl>ccric acid, and thus 2 moles 
of ATP It will bo rccalkil that, m order to con\ert a mole of glucose 
to hexose diphospliatc, 1 mole of \TP !*• roiiinrcd m cacli of the two 
separate tran‘!pliospIiorx I ition rt iction' the action of ATP-phospIio- 
gljccnc transplio&phorxla'*c regincratc'- the«o 2 moles of ATP In the 
presence of cataljtic amount'- of \TP and an adequate suppK of inor- 
ganic pho'-plmte, therefore a suitable \oa»t extract will conxert a large 
quantity of glucose to 3'pbo'-pln*gho( ric acid The la*-! compound 
accumulates m fermenting xca^t cxtriot- pononed with fluoride, ns will 
bo seen from the sulisoqucnt discu-'-ion fluoride lilocks an enzx me mx olx cd 
in tlic conxcrsion of 3*pho'pboglxe(ric irid to actlaldchxdc 
The work of Lolunann, Mextrhof, and Kie-^ling (1934-193C) showed 
that, if 3-pho«phoglxccn( acid uhkd to i dialxzed xca^t or nm'*clc 
extract, another pliosph itc eomp«unid tpho'plioinoljixruxie acid) ari'-e- 
In order to explain the fornntion of tin new rompouml from 3-pho'-pIio- 
gljceric acid, it xxas neci'-irx to I'-'-uiiu tin. mtermcdi Uc foriiution of 
2-pho-phoglx eerie acid (2-plH»-phorxl-i‘-gl> eerie acid), and ixpcnmental 
cxidcnce for its presence m the iiuubition mixture '•oon followed Tlie 

COOH (OOII COOH 

I I I 

HCOH -* IK - OPOiHs ( -OPO3H2 + H2O 

\ i !' 

CHnOPOiIIs (H2OH CHj 

Ds3.11,a.r},oel}frnc nt-pj<*“ncl 

aad ariil p>n,Mranl 

conx cr'ion of 3-pho-phoglx « ern u ul to plio-phot nolpx rux ic acid inx olx 
K'o succc'-ixe reaction" flu tr in-pbo'.pborx 1 ition rciction bx whicli 
2 pho'phogl\ eerie acid i> fornud i" an »logou> to the n irtion cit ilxrcd 
h\ pho'*phoglucomuta'!0 whtre gliico t^I-pho-phatc i" tonxirttd into 
gluco c-C-pho^pliatc, the tnzxnn tint aef! on 3-p!io-phoglxicn( and 
tinned pho-phogKccromut \t tquibhrmm the ritio of thi 3- 

pho'pho compound to the 2-pho-pho derixatixc i" ihout "> (;dl 0 8, 
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catalyzed reactions are proceeding, only a cataljtic amount of DPN lu 
required to conxert a relatuely large amount of glyceraldehjde>3*phos- 
phate to ethanol 


ATP . . Glucose 


ADP' 


^ Glucose>^>phosphBte 


ATP ^ , Fructose-C-phosphflte 

I phosphohexolonsse 



alcohol dehydrosenssc 


Acetaldehyde 

(trapped by cuinte) 


CO2- 


ADP' 


'' Fnictose-1 6-diphosphale 


aldolaie 


Dihydrosyacetone O-Olyceraldehyde- 

phosphate d-phosphate 

tnoM phoipbau 
isotnerass 

Phosphate 

DPNf y.'- ' 

h++dpnh'^ d- 1 3.api»»pi.o- 

giycenc acid 


phMphopyru'nk 

A twMphwphoTytoM 


ATP y y Pyruvic acid 

Y ATp-i 

...A; 

■*i 


enolase 

(lohibited by fluonde) 


Phosphoenolpyruvic acid 
HjO- 

p-2-Phosphoglycenc acid 

phoaphogli teromuUse 

D<J-Phosphoglycenc acid 
i 

ATP-phoepheglycenc traniphospbotyUie 
ADP ATP 

Overall reaction 

Glucose 4- 2 ADP + 2 phosphate Ethanol + 2 C02 + 2 ATP + 2 H 2 O 

Fig 4 Pathway of anaerobic breakdown of glucose to ethanol and carbon dioxide 
in yeast 


The current knowledge about the swjuence of reactions m alcoholic 
fermentation is summarized m the stdiemo show'n m Fig 4 Since much 
of this scheme grows out of the work and theories of Embden and 
Meyerhof, it is frequentlj termed the “Embden-Meyerhof" scheme 
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nnd C0_ In 1932 it nas chown tint tvaslicd cells lo'C tlie 

cii-iCocoon^cii,CHO + coj 

cap'iciU to perform tln^ reaction, and it is c»t U)lj«hcd t!i it a diffu'^ible 
cof ictor required for the decarboM lation Since tlie enz\nic whicli 
cataKzes the reaction liad been termed “carbo\\ Insc” (p^nl\lc dccar- 
lioxjlaec Mould be more precise), the cofactor m is named cocarboxj 1 ise 
I ohnmnn and ScliuMci"’ isolated eooarbow lase and sliOMed it to be 


NHj 

X— CH2— N I 

I II 

Thiimtnr p]rn>pho*ph*t« 


CHa 0~ OH 

t I I 

C= C— CH 2 CH 2 OP - 0 — P =0 

II 1 

0 OH 


thnminc p\ropho‘«j)liatc Tlunminc it«clf i« a Mtamin (Mtamin Bi), 
its pin MoloKic il role will bo diecin'cd m Chapter 39 Tlie plioqihora la- 
tion of tlnammt to ruc cocarbo\> la'*e nm be effected either clitimcalK, 
or cnzjimcilh with \TP as tlic phO'phorjIatinR apent, c\tract« of 
brain and otlicr tn'^ues can «cnc a« ‘sources of the ‘•pecific tran‘*pljos- 
pliorjlatinR cnrwws 

1 be purc-t prepar itions of a ca«t carbo\\ h'c obtained tlnn far contain 
mapnesium, and tins ion is required for enzyme action It ma\ bo 
added tint the cnzMiuc dccarboxalation of koto aenb other than pjnnic 
acid aUo requires cocarbo\^l i«c a<= a cofactor (cf p *01) Ilouc^cr, 
the ebenno U mcelnnism m herein tbiainine p\ ropho-'pbatc (TPl*) acts 
n** a cofactor n not aet undcr'-tood It lia^ been ‘•URRi'tcd that m the 
d(carbo\s lation of psnuate bs \cast carbow la‘-e, an “letnatcd acetal- 
ddndc” <{ro-'.ibl\ the carhmion Iinkid to TPP occur- as an 

intirnicdute, and that tin- Inpotlictical acetaldcln de-1 PP compound 
rt ict- Mitb 11+ to pne free icttddclndc and to rcRtnerite TPP (cf 
p ISO) 

T lu final step in the '(qucncc of re ution^ in ilcohobc ferment ition 
1 - the nsluction of iritaldclnde to ethuiol I rom tlu j)re\iou« di-cu-- 
f-jon of tlu <l(h\dropemi-i-, It will be recalled tbit ilcohol dclndroRtna-e 
c ital\zt- tlu rt action 

( Hit 110+ nPMI + n*z=t(lUi IlaOI! + nPN + 

In the roiutr-ion of pUci r ildth\d(-3-pho«ph ite to 3-plio-phoRl\ ci ric 
nrul, DPN* m m retlucnl to DPMI In the rttlurtion of ant ilddnde to 
alcohol, tlu npN* IS riRiiurittd Thu-, lonp »- botli dtlndroptn I'e- 

lo’miina an<l P ‘-•-Iiu.tcf Uiochtm /,29l. IS-S (I'VIT) 
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lated giycerophospliate by phosphatases then leads to the formation of 
tile glycerol obtained m Neuberg’s "sulfite fermentation " The oyer-all 


CH2OH 

I 

HOCH 

CHjOPOjHa 

C»lj cerophoflphate 


CHjOH 

-f H 2 O H^OH 

iHjOH 

Glycerol 


•f H 3 PO 4 


fermentation process m the presence of sulfite approximates the equation 


Glucose Glycerol + CO^ 4- acetaldehyde 

This IS sometimes referred to as Neuberg’s “second form” of fermenU- 
tion, the “first form” being the production of alcohol and CO 3 according 
to the Gay-Lussac equation In both, the pH of the medium is kept at 
about 5 to 0, when, limvci.er, the fennentation of glucose by yeast is 
conducted in an alkaline medium, there occurs Ncuberg's ^Hhird form" 
ot fermentation which ma> be described by the equation 

2 Glucose -=► 2 Gljcerol -f 2 CO 2 4* acetic acid 4 ethanol 

If sulfite is added to glycolyzmg muscle extracts, where DPNH is 
normally rcoxiducd b> pyruvic acid witli lactic dchj drogenase (cf 
p 318} as the catalyst, the pyruvic acid is trapped as the bisulfite 
compound Under these circumstances, dihydroxyacctonc phosphate is 
reduced bj DPNH in the presence of glj cerophosphatc dehydrogenase 
to glycerophosphate, and equal amounts of glycerophosphate and of 
pjruMC acid are formed from fructosc-i,b-diphosphate The fact that, 
m jeast fermentation, sulfite docs not trap pyru\ic acid but acctaldehjde 
has been attributed to the ability of yeast to ferment the bisulfite addi- 
tion compound of pyruvic acid 


Other Anaerobic Transformations of Pyruvic Acid 

As will be seen m the next chapter, the conversion of glucose units 
to pjruvate m aerobic biological ^sterns is followed bj the oxidation 
of pjruvatc bj oxygen to CO 2 and H 2 O However, in anaerobic 
organisms, or in aerobic cells operating under anaerobic conditions, 
several cnzjmic patliwajs arc known for the transformation of pyruvate 
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It was indicated at the beginning of this chapter that man> of the 
reactions in the fermentation of glucose b\ \cast also arc essential steps 
in the anaerobic breakdown of gljcogcn In muscle extracts (cf p 490) 
The sequence of cnzxTnc-catahzcd reactions from glucose-G-phospliate 
to iixrinate also 1ms been demon'^trated for other plant and animal cells 
For example, pea seeds contain all the cn 2 \mcs neccs'*ar> for the conxer- 
sion of fr\icto'‘C-l,G'diphoaplmtc to pxmxate bx the metabolic route 
«hown in Fig 4*’' The xaliditx of the Embdcn-Mcxcrliof scheme does 
not rt‘-t ^olclj upon the idontifmation of the component cnzjiiics, or the 
effett of inhibitors «uch a« lodoacctatc or fluoride, but is also supported 
b\ I'-otopc vtudic- Thus the fermentation of glucose labeled with 
in carbons 3 ind 4 loads to tlic formation of carboxx 1-labcIcd lactatc'*- 
(m Lactobacillus casci, cf p 126) or (in jeast) as predicted bj 

the ‘■clicmc How oxer, similar isotope experiments with other niicro- 
orgiun‘-in‘- timt arc known to contain cnzxmes usuallj associated with 
the Emhdcn-Mcxcrhof pathwax haxc gixcn labeling data incompatible 
with tlic schemt, and haxc “liown that nltcrnatixc cnzxmic mechanisms 
of gluco'C breakdown arc opcratix c As will be seen later (Chapter 
21), in some biological «\*‘tcins the rmbdcn»Mcx erhof patliwaj max be 
“ulMdtarx to other routes of carbohxdrite metabolism Xcxertliclees, 
the general «!ignific ince of the «ohcmc presented m Fig 4 is bejond 
quo-tion, and its dcxclopincnt rcprc«cnt« a magnificent chapter m the 
historj of biochomistrj 


Formation of Glycerol 

^^ltll the «cliinie m I ig 4 a« a background, it i** po«-iblo to return to 
a cmi'-idcr ition of IstubirgV finding tlmt, m tlic \)rc«cnce of •'ulfitc, 
acctahlehxde (m the fonn of tlic biMilfitc addition product) and glxccrol 
arc formed The trai>ping of (he nrctaldchxdc prexent's its reduction b\ 
DPMI, thu- blocking the regeneration of the DPN+ needed for the 
oxidation of glx nr ildchxdc-'l pho>plmte Under thc'-e circum‘'tanccs an 
alternitixe iintihohc pitliwnx for the oxidation of DI*NII come’' into 
phx I hi" prohdilx iiixolxt" llie reduction of dihxdroxw acetone jiho"- 
pli itc b\ I)I*\H m the iiri'ence of alcohol elehx drogen I'e (In muscle 
extract" thi" nmtion i" efTectnl Iix o-glxccrophO'phatc dchx drogena'c, 
whnh i" not pri'dit in ippreciible ninounts m xii"t) A" a coii'-e- 
quuin , glxceropho'i»h ite i" fonmd in amount^ eqinxnlcnt to the quantitx 
e^f aretahbhxdi tripped md of ( rth i^ed lIxdrol\"i« of the accuniu- 

P K <tmnpf J llu I ( hrm IHg 261 (laoH) H \xrIro.| nn-t H S Bin.liir'ki 

201 ana 

' M J Hill Orffi IBI 515 (|a«) 

C 0.mn!u«rtnl Ihrt Ir,,, 19.79(10^) 
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and in the light of present knowledge may be explained bj assuming 
that yeast carboxj lase catal\ zes the formation of a reactive acetaldehyde 
(perhaps bound to thiamine pyrophosphate, TPP) which combines with 
free acetaldehyde formed by the decarboxylation of another molecule 
of pyruvate, as shown in the accompanymg scheme It is not clear 
whether a protein catalyst besides carboxylase is jn\ohcd, although it 
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is probable that a second enzyme (termed “carboligasc") may effect the 
condensation reaction Aldehydes (RCHO) other than acetaldehyde 
can serve as ‘'acceptors” of the reacluc acetaldehyde, thus leading to a 
variety of acyloms (CH3COCHOHR) These products are optically 
active, for example, the acetylphenylcarbino) obtained from pyruvate 
and bcnzaldehy'de, on catalytic hydrogenation in tlio presence of methyl* 
amine, ynclds i*cphcdnnc 

In Aerobacter aerog^nes and Proteus mor^ann, acetoin formation from 
pyruvate involves d*a-acetolactatc as an intermediate,’® dccarboxy iation 
of this compound gives acetoin Here pyruvate acts as the “acceptor” 
of the reactive acetaldehyde, as shown Several bacteria contain enzyme 
systems for the reduction of acetom to CH 3 CHOHCHOHCH 3 (2,3* 
butancdiol), which can be converted chemically to CHj— CHCH—CH" 
(butadiene), a substance of importante in the manufacture of synthetic 
rubber ("Buna” rubber) Acetoin and 2,3-butanedioI vre related meta- 
bohcally to diaeety I (CHaCOCOCH'^),’* which can serve as an "acceptor” 
in an acylom condensation to form {CH 3 CO) 3 C(OH)CH 3 (diacetyi 
methylcarbinol) Animal tissues also contain enzymes that catalyze the 
anaerobic decarboxv lation of pyruvic acid with the formation of acetoin 
or a-acetolactate In all cases, TPP and are essential cofactors 

Anotiier product of the anaerobic dissimilation of pyruvate is acetate, 
which IS formed in many microbial fermentations In some organism*, 
Juni J Biol Chem, 195, 715 (]d53), I Kobajashi aad G ICalmtstj r 
213, 473 (1954) 

E Juni and G A He>Jn, J Bad, 72 , 425 , 72, 746 (1950) 

S Schvreet et al. m VV D McElro} and B Glass, Phosphorus MelaboUsm 
Vol I Johns Hopkins Press, BflJtjmore, 1931 , B JuBJandG A Heym J Biol Chem^ 
218, 365 (1956) 
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Because of tlic prc«cncc of carboxjlasc in jca«t cells, thej cm con\crt 
pjruMC ncnl to acetal(!oli\(Ie and COn In nianinnlian muscle, pjruMC 
acid 1*5 comorted under anaerobic conditions to r -lactic acid 

It was once bolic\cd tint the lactic acid fornieil in ghcoljsis arose 
from mctlij If'lj o\al bj the action of the cnzMiic pljoxalasc, present in 
jtast, muscic and otlicr animal tissue**, and plants Mtbough this mcw 
i\as abandoned after the uork of Mc\crhof, the action of gljo\alasc 
h IS been studied e\tcnsi\clj Thus Lolininnn''* demonstrated that glu- 
t itlnone (p 13G) is an cs'cntnl cofactor for glaoxalasc The role of the 
peptide m the enzjmic reaction uas chieid »te<l bj Raeker,'”'’ a\ho shoned 
that t^^o step-' were in\ol\ed In the fir-t step, catalyzed b\ an enzjme 
named “gliOxUa-e I,” inethjlgKoxal and glntitlnone (GSH) react to 

CHO CO-SO COOH 

<Uo ik'.oii t2»? nc[on 
I I I 

CIIi CII, CII-! 

nljtrticsnd 

cliiUihi 

form S-lactNiglutatliionc, which is clcaacd b> a second cnzjme (gl>- 
o\ il i^c 11) to n-lnclic acnl and GSI! Gl>o\nla«e II thus functions ns 
a tlllole^lo^asc IX'-pitc their wide distribution, these cnzjmcs do not 
apjiear to fit into am of (he currcnllj ncccjded schemes of carbo- 
hjdr itc met ilioli«m 

n-Lnrtic acid (or the nr -form) apjicars as Ibc sole or chief end product 
of ginco'c lircikdown ba (he group of microorgain'ins termed “lactic 
aciil b jctcria” (cf p 120) Thc'-c organi'‘Tn- contain a DPN-Iinkcd 
lactic rblodrogen i‘-e ‘•pccifit for i>-laclic acnl, in addition to an i-lactic 
di!i\drogena*-e, it is probable that (he fonnation of ni -lactic ncur^ is a 
roii‘-cqu<nre of the coujikd action of both doh\drogcna‘=C'', ‘■inec it is 
depeniUnt on the pre-ence of DPN'"'* Otlicr lactic dclij drogenase- ha\t 
abo hccii identified, imong them the hemeflaeoprotem of jea^t related 
to c\toc!innnc h_ (of p Tj7) 

In idditioii to its conacF'ion to acctildehadc or lactic acid, pjruMC 
acid IS lran'»foniud to arit\hiH(IiaIcarbino! (acctoin) In i aarich of 
nucroorgani'-ms This proc(s^ was disco\trcd In Neuherg''' for Ma«t, 

•"‘K lyolimmn f!ii*rfirtit / 231,032(10^2) 

<•'1 U:\rUr J fSio! Chrm 190 f« (P ,1) . T a\ trlmt! rl ftl /frrW.rm/ 327, 
rci 02 n 230 (lay,) 

I IlnrUrr, JO 's I* Cotcmirk rt at (7fufa(Aii,nr, Arn<Irniir I’rcv* Now ^ork 

11'>I 

I Tatum ft a! lh>,cf rvt J 30, IR'C (TCG) 

Kiufmtn « I n! J lUnt Chrm 192,001 (1P>1) 

NoiitK-fR and J Hirrli tU,n-frm 7, 113, 2!^ (1921) 
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acetjI-CoA and reduced hpoic acid (dihjdrobpoic acid) Such "thio- 
transacetylascs” appear to be T\jdclj distributed, and se\eraii enzjme!) 
of different specificitj hive been found The reduced hpoic acid i> 
oxidized bj DPN"^ (m the presence of dihjdrohpoic dehj drogenase) to 
the disulfide form Hence, if an enzjraic mechanism is available for 
the regeneration of DPN+, the comeraion of pyruvate to COo and 
acetji-CoA can be effected in tlic presence of catalytic amounts of 
thiammo p> rophosphatc, hpoic acid, and DPN+ Korkes et al ” shoivcd 
that this conversion can be coupled to the oxidation of BPNH bj pjru- 
\ vte in the presence of lactic dehydrogenase to give the following over-all 
reaction 

2 Pyruvate 4 - coenzyme A-» Acctyl-CoA 4- CO^ 4- lactate 

Ab will be seen in the next chapter, the aerobic conversion of pyruvate to 
acetyl-Co\ and CO 2 / m which DPNH is oxidized by Os via the cyto- 
chrome system, represents a key step m the metabolic oxidation of 
ghiCO'^o to COj and H^O 

It should be emphasized that the elucidation of the metabolic rela- 
tionships discussed above was made possible through the discovery of 
coenzyme A by Lipraann’^ m 1947 This achievement, and the subse- 
quent determination of the chemical structure of coenzyme A, have had 
a profound influence on the development of several areas of biochemistry 
Coenzyme A is a derivative of the vitamin pantothenic acid (Chapter 
39), which IS linked to ^S-mercaptoethylamine by a CO — ^NH bond” 
The work of Lynen’^ demonstrated that acetyl-CoA is a thiol ester 
mvolving the sulfhydryl group of ^-mercaptoethylamme (see complete 
structure of coenzyme A on p 206) 

Adeny l-py rophosphory l-pantotheny 1 — NHCHoCH^S—COCHs 

It IS worthy of note that, m addition to pantothenic acid, three other 
substances classified as vitamins (thiamme, hpoic acid, and nicotin- 
amide) are related to participants in the enzymic conversion of pyruvate 
in biological systems 

Prior to tJie discovery of coenzyme Lipmann obscrv cd that in LactO’ 
bacillus delbruckii the oxidation of pyruvate depends on the presence 
of phosphate, and demonstrated that the prpduct is acetyl phosphate**® 
(CH3CO— OPOs^”) Subsequent work showed that bacteria contain 

0 andE R Stadtraan / Biol Ckcm,21l,62l (I954> 

I-jpmann 5ctcncc, 120, 855 (1954) 

m Snrymol 16, I (1955) 

''®F Ljutn ct al , Chem, 574, 1 (1951), F Ljnen, Hartey Lectures 48, 210 
C195}> 

Lipmann Advances m Emymot, 6, 231 (1916) 
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acetnldchjdc arising from the decarboxjlntion of pjru\ate is oxidized 
to acetate b> pjridme nuclcotide-linkcd acctaldclijde delijdrogcnase 
(p 328), m otlicrs, t!ie ‘'acti\ate(l acctaldclix de" (presumabK bound to 
TPP) IS oxidized bj electron acceptor sxstems of tlic bacternl cells 
Of special importance are tlie cnzjmic mcclianisms, found in some 
microorganisms (Uschcrichia colt, Streptococcus fccalis) and in some 
animal tissues (eg, swme heart), that cataljze the con^erslon of 
pjru\ate to acctxl-cocnzjmc A (acctjl-CoA) The ^ork of Korkes 
ct al ” and of Giinealus^^ has shown that, m addition to TPP, Mg“^, 


PjTuvale 

TPP-J 


-CO 2 


[Acetaldehyde] TPP 


DPNH + H* 


S S 

I I 

CHjCH jCHtCHj)^ COOH 

UpoM 


Sir S-COCH 3 

I 1 

arjaijai(CH8)^cooH 


SH SH 

I I 

CTl2CIl2CH{CH2)4COOH 
CH 3 CO-C 0 A 
Coerayme A 


S -AMiyUiliydiotipoic wid 

rifl 3 mcchinixm for llio enrj mic con' cr«iOD of pvTUt ale to aeol> I-CoA 

and CO 2 


and coenzjmc A (p 20G), the require! cofaclors include DPN+ and 
Iipoic acid (thiortic acid, p 300) The di'*co\erv of the la'«t-nnmcd 
'•u!)‘‘tanct ‘■tcni« from studies on n bacterial groutli factor that is cs®cn- 
tnl for p^ ni\ntc oxid ition bx S fcrnlit, or to rcpl icc acetate for Laclo- 
hnnllwi rasci Altliough tlie eiizxnu'- participating in the conxcrsion 
of p\ ru\ itc to ncctx I-Co \ haxt not Iiccn purified txtcn®i\clx , the ax ail- 
abU d ita are con“i‘*t(nt xMth the ‘•cquincc of reactions =liown in I ig 5 
A((ording to this soIkiik, )r(txIdtIi\<lrohp<iic acuP^ is formed hj the 
rent turn of lipoic acid with tht netu itcd acctaIdch\d(-TJ’P compound, 
this roartinn inxolxis {he reductiM chaxnge of the ihsulfide bond x'lth 
th( (oncoimtant formation of an '^-ncttxl group (note analogx to postu- 
I iti^l nn rhamsin of plxctrildo]i\dt-3-p!iosphatc <lrh\drogtnnsc, cf p 
32*>) Inrxnnc trati'fir of th( *'-nrct\l group to cocnz>mt A gixee 

'»S K..rk.«.l nl J //..»/ ChrtH 193,731 (19.1) 19', Ml (19^2) 

•1 C fltin nltj m I) Mrl Iro\ and II Gli * Tfr \frr}inni*m nf Fnti/fnr 
tcti in dtilin-i Hoj>km« rn^-* Hillimon la^i 
'-If' (»iin»'»lii rl nl J (frm ITuI (19/1) 
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“acetokmase” catalyzes the reaction 

Acetate -f ATP Acetyl phosphate -f ADP 

Acetokinase appears to be hmited to organisms that contain phospho' 
transacetj la‘‘e, and can acotjlate coenzjme A bj means of acetvl phos- 
phate A more general reaction for the synthesis of acetyl-CoA from 
acetate and coenzyme A is the following (demonstrated for yeast and 
lu er®’} 

Acetate + coenzyme A-f ATP Acetyl-CoA-f AMP + pyrophosphate 

In this "acetate-actnating” rciction, it is probable that an intermediate 
adenyl acetate (acety 1-AMP) is formed,®® and bound to the enzyme, as 
shown by an exchange of P^^.j^bcled pyrophosphate with ATP in the 

0 0 0 

!i I! i! 

Adenosme-OP-O—P-O— P~OH + CH 3 COOH 
OH (!)H 

0 0 0 

Adenostne-OP-O— COCHi + HO— I— O-F-OH 

(!)h in in 

absence of an acy’l acceptor (c g , coenzyme A) Presumably this inter- 
mediate reacts with coenzyme A to form nccfcjl-CoA and AMP H will 
be seen from the later discussion that, m the actuation of the carboxyl 
groups of fatty acids (Chapter 25) and of ammo acids (Chapter 29), 
a similar mechanism appears to be operatue In studies of such “acti- 
vated” acyl groups (m compounds such as adenyl acetate, acctyl-CoA, 
or acetyl phosphate), a -valuable analytical reagent is hydroxy lamme 
{NH 2 OH), which sorv'cs as an artificial acceptor of the acyl group 
At pH xalues near 7, hydroxamic acids (RCO — ^NHOH) are formed, 
these give a distinctive red complex with feme ion m acid solution®® 

Anaerobic Carbohydrafe Metabolism of Muscle 

Glycogen is the chief carbohydrate of skeletal muscle, there being 
relatively httic free glucose in this tissue Thus the sequence of reactions 

A Rose et al, / Bial Chem, 211^ 737 (1954) 

M E Jones et al Biochm ct Btopkys, Acta, 12, 141 (1953) 

83 P Berg, J Biol Chem , 222, 991, 1015 <1956) 

8»F Lipmann and L C Tuttlo. J Btol Chem, 159,21 (1945) 

F Dickens m J B Suroner and K Myrback The Enzymes Chapter 63, 
Academic Press, New York, 1951 
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an cnz\mc inmcd "pliospljotnn«'icct}Iasc' (app'ircntl\ not present m 
nniinil or \C'\«t) tint cataljzc^ the rc\cr'-ihlc transfer of the 

acetal proup from acct\l-CoV to pho-phatc 

AceUl*Co\ + phosphate ^ AccUl phosphate + coenz\mc A 

Acetal pho'plntc is h\drol\zc<l b\ a specific pho«plntase to acetate and 
phosphate 

It should be added that, although the diccoacrj of acetal phosjdnte 
a*' a metabolic intermediate came from studies aaith L dclbnidn, this 
organi'-m generates acetal phosphate from paruaate ba a niccliani«in that 
docs not appear to inaolac either lipoic acid or coenzame A **- Further- 
more, in ceacral bacteria {CVo«ttridn/m / luyveni, Lschcnchm colt), nceta 1- 
Co V c in ari-e from acctaldchade ba a mechanism that is independent of 
lipoic acid, bj means of the reaction 

CU tCUO + coenzame A + DPN+ ^ Acctal-CoA + DPXXl + 11+ 

This fonnation of a thiol ester in an oxidation cataljzcd ba an aldchadc 
dchjdrogcn i-c is an dogous to the process cfTectcd ba glaceraldchade-S- 
phosphate dchadrogen i‘'C (cf p 32“)) In L coU, the conacrsion of 
parua ite to ethanol appears to inaolac the rcaerec of the reaction ‘•hoaan 
aboac, acctal*Co\ and acctaldchade arc intermediates®* \nother 
microbial fermentation of jiarua itc, a mcchani'^m not clcarlj under- 
‘‘tood, i** tlic “pho-jihorocU'-tic” reaction in L coh yielding acetate and 
form itc 

CHnCOCOOII -> CIIiCOOH + HCOOII 

I’ho'iihitc, coenzame \, ind thiamine pa ropho'-phate arc required ns 
cof actor-, it i- probihk that acetal pho-plmte a* formed as an inter- 
mediate, and I- hadroJazed to acet /, coh nbo contain- a “hadro- 

ginlan-c,” aaliicli citalaze- the reacr-ihle dccomiio-itinn of formic acid 
to molecular haalrogcn nn<l COj. U ith extrict'* of Clo^tntUuvx 
hut^iUnim, II 2 in<l rO_ art il-o produced from paruaic acid, but here 
fonmr icid doc- not nppcir to be an intermediate 

The h\drola«i- of aceta 1 Co\ and of acetal pho-pli ite 1 - ncconip mud 
ba a large ncgitnc change m free one rga (cf p 378) and tlic utilization 
of acetate for their santhe-i- iim-t be coupled to the exorgomc cicaango 
of a pareijdio-pliate bond of \ri* In / coh, an enrame n-tem named 

** 1 It ‘-ta itmnn rt nl J //»«/ Chtm 191, 365 (I'Ol) 196 ilT* 

I P Hapr *1 nl, 13, T3t (1D»I) 

H M Hiirtcin nnit P It '•t ultman J //lot C/^m 202 S73 (in> 3 ) 

\ \ iaa»*» nnit M I «»-arr fliortim rl trio, 22, 2 j3 (19>C) 

J ‘-ircckcr J Ihnl Cfrm 189, SIS (lajl) 
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matogjaphjc studies ha\e shown that several annelids contain, as their 
principal muscle pliosphagen, the guanidine phosphate gljcoej amine 
pliosphate or taurocj amine phosphate®" A phosphodiestcr of guanidi- 
noethanol and senne (“lombncme’’) has been isolated from eartlmornis,®^ 
the phosphagen derived from lombncine is phosphorjlated at the 


guanidino group 
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The dlsco^er^ of creatine phosphate in ^e^teb^ate muscles soon was 
followed b\ the recognition of its. role in muscular contraction This 
emerged Cipecialh dearly m 1930 from the experiments of Lundsgaard, 
who showed tliat, if a muscle is poisoned with lodoacetato, electric 
stimulation still causes contraction but lactic acid is not formed How- 
e\er, m the contraction of lodoocetatc-poisoned muscles, the creatine 
phosphate disappears and is replaced bj cqun alent amounts of creatine 
and inorganic phosphate Morco\er, the amount of creatine phosphate 
that disappears is proportional to the amount of muscular work done, 
when the supply of the pliosphagen is exhausted, the muscle no longer 
responds to stimulation and is s<aid to be in a state of ’Vigor ” It fol- 
low ed from this important work that muscular contraction depended 
onlj indirectlj on the formation of lactic acid in tlie course of gl>col>si‘', 
and more dircctlj on the suppb of creatine phosphate m the muscle 
The diemieal role of cieatine phosphate became clearer when Loh- 
mann®^ showed that muscle extracts are able to conaert this Bubstance 
to creatine and inorganic phosphate, but lose the capacitj to do so after 
dialjsis Howeaer, upon the addition of ADP, there occurs a transphos- 
phorjlation reaction leading to the formation of ATP This reaction is 
Creatine phobphatc + ADP ^ Creatine -f* ATP 
catalyzed by the enzyme ATP-creatinc tiansphosphorjlase {or creatine 

82 G E Hobhon and K R Rees, Btoektm J 61» 549 (1955) 
oajif y I'lioai and \ Robm, Btoekxm el Bwphyi Ada, 14, 76 (1954), C RO» 
tom 19, 300 (1950 

K Lohmann Bwchem Z 271, 264 (JW) 
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m annerobic ghcoljsis begins with gljcogen and terminates with lactic 
acid, 2 moles of L-lactic acid an«ing from each glucose unit of tiie polj- 
cncclnridc Tlie pathua^ of anaerobic gUcoljtis in skeletal muscle lias 
attrictcd con«idcrablc attention because of the intimate relationship of 
this chemical con\crsion to the phj siological phenomenon of muscular 
contraction The first decisiae experiments to link these two cxents 
were performed in 1907 bx rictcher and Hopkins, who worked with 
I'-olatcd frog imi'clcfe Thej found that, if a muscle is electncallj stim- 
ulated m the absence of oxxgen, contraction occurs and lactic acid 
accumulate'' in the course of this anaerobic contraction If the anaerobic 
‘‘timul ition i<5 continued too long, howextr, the muscle exentunllx fails 
to rt''pond, it is then '•iid to be “fatigued” When the fatigued muscle 
IS exposed to oxxgen, the tissue max rccoxcr its abihtx to contract, and 
the accumulated lactic acid disappears In the course of aerobic con- 
triction, no apprccnblc accumulation of lactic acid can be noted 

A significant ndxanco m the biochemical studx of anaerobic gljcoljsis 
wa-j nude bx Mexcrliof, who prepared ccll-frcc extracts of the mu«clis 
of frogs and other ainmaN and «howed that the«c extracts could con^e^t 
gljcogen, in a stoicluomctnc manner, lo lactic acid Dialjsis of the 
muscle extract*' do'-troxed their capacitj to cau'c glxcolxsi'*, but this 
could lie rc*torcd In tlic addition of a “cozx masc” preparation from j ca^^t 

I roin tilt ••tudic« on alcoholic fermentation, it had been known since 
190") that plio'pb ito compound’^ plaj an important part in the anaerobic 
breakdown of carbolixdrato'' Much attention was therefore gixen to 
tlu organic i)bo''p!i itt compounds of muscle, and it w is found in 1927 
that icc-rold cxtrict'? of the niu'clc of xertebrates contain an ncid-Iabilc 
■'ub't uicc, itlcntificd ertatmt pho'pbatc (nbo termed phospbocrcatmc, 
cf forimil i on p 379) The term “pho''pbngcn” has been applied to 
cn itiru piiO'pliate and to rchttd compounds Tin standard free cnergx 
of li\drolxsi« it pll 7 5 nn<l 2>®C lia^ been cstunitcd to be about — 13 
kcil per mole for creatine pbo'-plmtc and for other piio'-pho'imidc^s 
Mtboupli tin*- X due mix be subjtit to rcxiMon (cf p 37G), it clcarlx 
pi in'* ■'Ueb pho-plio imidc*» among the ‘•ub'^tanccs hixing “cncrgx-rich” 
bond- Compound** of Ibi- txpc (the Minplc-t ex implc i** amidoplio«- 
pltonc acid — 1 ’OtIIo) art sialdc m alk ihnc solution, but txtrcinclx 
I ibilt at ncicl j)!! x ilui- 

Mo't of tin creatme of the ftnalcd, «mooth, and cardiac mu'^clc'' of 
vtrtibratc- i- pn-ent m (ht fonn of ertatme pho-plintc It wa** once 
biluxctl tbit, m inxirtibriti**, tin** pho-pbagen is replaced onh bx 
arginim pbo-pb iti (or pbo-plioirgimm , p 179), winch ha** been i olnU<I 
from tin imi-clt of some crii-taccan«t** Ilowixcr, inort recent chro- 

** O ntj'l K l/i’iminn Ihorhrrt 7, 196, 4y (lais), A 11 fnaorclftl, 

/O y, 62 I'.S (10/,) 
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two separable proteins, ni>osm and actin Myosm'°® is a fibrous protem 
(particle weight ot rabbit mjosin, ca 850,000, axial ratio, ca 100) Oa 
treatment with tr>psin or with ehjmotiypsm, m>osm is converted to 
smaller units, as judged b> a decrease m viscosity the products have 
been termed “meromjosins” Actin can exist in two forms, a globular 
(G) and a fibious (F) form G>Actin (particle weight of dimeric form, 
ea 140,000j I's eonv erted to F-actm m a process induced by ATP m the 
presence of neutral salts, and m the conversion one equivalent of ATP 
IS dephosphorjlated to ADP*®- In solution, myosin and actin interact 
to form an artificial actom>osin having some of the properties of the 
natural complex, this complex is dissociated b> ATP,*®^ with a loss in 
the high viscositj and strong bircfimgcnec of flow exhibited bj actomjo 
sm solutions Threads of actomjosm can be prepared, when these are 
treated with ATP {ca 0 005 il/), m the presence of AlgCl^ and KCI,fhey 
contract to about onc«half their original length The addition of ATP- 
creatine transphosphorj 3asc and creatine phosphate causes a partial 
relaxation of the contracted fiber Although these phenomena are of 
considerable interest, their significance for tlic physiological contraction 
of muscle fibers is uncertain 

In addition to rayosin and actin, muscle fibers contain a globulin 
named tropomyosin (particle weight, ca 60 , 000 ), which resembles mjosm 
m several of its properties^®- 

The adenosine triphosphatase (ATP-bsc) activity of myosin is acti- 
vated by Ca^-*- ions and inhibited by lons^®® Myosm ATP-ase 

hydrolyzes ATP to ADP and phosphate, if myohmase (p 459) is present, 
AIMP IS produced Myosin ATP-ase is limited m its action to the 
hydrolysis of nucleoside triphosphates and of inorganic triphosphate, 
it does not hydrolyze ADP, py'rophosphate, or phosphate esters of 
organic alcohols 

There has been much discussion^®'^ of the question whether the hydroly- 
SIS of ATP by myosin ATP-ase is the immediate source of chemical 
energy for muscular contraction, but no definitive answer can be given 

Baiiej m H Neiirath and K Biilcj, Ihe Proteins Vol IIB, Chapter 24, 
Ac-idemic Prea?, Nc^ yorh, 19M 

Gergel>,J Bwl Chem, 200, 543 (1953), 212, 165 (1955) 

102 w PH M Momm-jerts, J Btol Chem, 198, 459 (1952) 

Gergely J Biol Otem , 220, 917 (1950) 

Weber, BiocAim et Biopbys Acta 19, 345 (1955) 

103 K Bsxihy, Biochcm /,43, 271 (1948) 

w»D M l^eedhrxm, Advances m Entymol. 13, 151 (1952), W F H M Won’* 
maerta and I Green J Biot Chem 208, 833 (1954) 

J®7A y HjU el al, Proc Roy Soc, 137B, 40 (1950), S V Perr^ . Physiol Rcis, 
36, 1 (1956), M r Morales m O R Gaebler, Enzymes Units of Biological Slmc- 
ture and Function, Academic Pre^, New York 1956 
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kimce), winch 1ms been crj st-illized from rabbit mu'^clc®’’ Its particle 
weight 1 *' about 81,000 AlapncMiiin ions arc c‘-intial for the reaction, 
and thc\ markedly influence the position of the equilibrium, at 0 002 1/ 
Mg--*-, the equilibrium ratio of concentrations in the phosphorylation of 
creatine by ATP is about OG V similar dependence on Mg-+ concen- 
tration appears to appK to other cnzMnic reactions iiuoKing ATP, and 
It 1 " likcK that a Mr-+ complex of ATP is the rcactiec spccic» The 
apj) irent dissociation constant (Mp*'’’) ( ATP"* " ]/(^Ig-\TP-”] is about 
1 X 10“** U, the compirable \aluc for a Mg-ADP" complex is about 
3 X 10" "* If In some calculations of the equilibria ind cncrg\ relations 
in cn7\ mc-c italy zed transpho'pbory 1 ition re ictions of AT 1*, the cfTect of 
the binding of magiu'ium ions li is been neglected 

Mine of the projiertics of ATP-crcatinc Irin-jiho^pliorelasc also arc 
exhibited be ATP-arginine trui'pho'pliory!a«e (arginine kiinse, arginine 
pho"iihokiiu«c), prc'-cnt m tlie muscle of some in\ ertebrates (eg, cra\- 
fidi)”'* Die litter tnzMiie i** specific for arginine ind a fevi closely 
rchtid compound-, it eloo- not cit ihze the pho-jilionlation of creatine, 
of glycocy amine, or of tiuroce amine Annelid worin« contain enzymes 
tbit effect the plio-pliors lation of ghcoceaminc and of tauroiy amine 
by \rP>*T 

Tin oeeiirrcncc of the \TP-crcatinc tnn-pbo-pliory h«o reaction nukes 
it po— ii>Ie to under-tand the lodoicctatc effect ob-cr\ed In Lundsganrd 
in terms of in mlulntion of gl\ceraldcli\dc-3-phosphato dehydrogenase 
(c( p 325), and ft block in the rcsxnthcsis of ATP from \DP Under 
tbc«e circuiii'-tancc-, when the supple of ercatinc phosphate Ins been 
exliau-ted, b(xo‘.c pbo-plntcs accmmilatc 
The ‘‘tudic- -uimmrizcd m (be foregoing dearie pointed to the po«si- 
lulite tint \T P in i\ be tlie actiee cluimcil agent in proeiding enerpe 
for imi-inlar contraction When in 1939 rngeUiardt”'’ reported that 
pn p iration- of the contr ictih protein ‘ ineo-in" (winch repre-ent- about 
70 per (tilt of the imi-(k proteins) were ible* to effect the hedrole-is of 
A I P, It was ‘•uggi-totl tbit the die mica] ciierge rdci'-id upon the 
liedroletn ch leage of the tcnnmil peropbo-plute bond of \IP could 
-oim Iiow Ik tr m-fornu i! into mechinicil eeork Siib-equint re-cardi 
t‘ptcii!Ie be ‘-truib ami '-zent-(ieorpi,^’ -lioweil that the materia! 
pneioii-le termed meo«in h, m fid, n combinition ( ‘actome o-in”) of 

‘■-s \ K„!,^ rt n! J II, nl (Irm 209, |9| 210, C.» <53 (U,!) 

I Mom-niirtnl Ilufchivt J 03 in IVJtinjT) 

* (« I nn t K H Itf^ tiuirlrvi J 3^) (I^jT) 

** \\ \ I fis' Hnri!t J o/f J IUt‘l nntl M*,I J3, 21 (l‘M2) 

e s ( If,,,, ,j ( ontrart,,,!, 2n 1 I/t , endfliii'- rrr«<, 

«r \ «ifg tail 
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Glycogen 

Phosphate | phosphorylasc (lohibitetl by phlonzio) 
Glucose-l-phosphate 

II phosphoBlucomutaae 
Glucose-6-pho8phate 

II phosphohexoiaomerasB 

Fnictosc-6-phosphate . ATP 


phosp|]ohe'<okinase 

Fructose-1 6-diphosphate 
aldelasc t 

I ? 

Dihydroxyacetone , D-Glyccraldehyde- 
phosphate 3-phosphale 

tnoacphoaphate 
i6omeraa« 

Phosphate -f 

DPNt ^ 

*dehydroff*nM 9 ^ Y (‘fihibilcJ tiy lodoaceUite) 

H'*'+ DPNH ^ D>l,3-Diphosph^ 

glycenc acid 


i<-Lactie aciuw ✓ 
•P bctie dehydrogenase J 

ATP V ✓ Pyruvic acid E 

I ATP-phosphopyruviC 
I tronspbosphorylase 


DPN+ 




p/V 


enoUse 

(inhibited by fluonde) 


Phosphoenolpyruvic acid 

H20-*-j 

D-2-Pho8phoglyc€nc acid 

II phosphoglyceromutiue 
C‘'3-PhosphogIycenc acid 
ATT-phosphoglyeene transphosphotylsM 
ATP 


Overall reaction 

(CgHioOg) + 3 ADP + 3 phosphate —^2 lactic aeid + 3 ATP + 2 HgO 
Fig 6 Pathway of anaerobic glycolysis in muscle 

that onlj 1 mole of ATP is required per glutosjl unit converted, whereas 
in yeast, wliere free gluco&c has to be phosphorylated, 2 moles of ATP 
^veie needed However, in muscle, an additional equivalent of inorganic 
phosphate is required for the phosphorolytic cleavage of glycogen Since 
in both sequences 4 moles of ATP are formed from ADP per mole of 
glucose converted, the over-all reaction m muscle may be written 
Glucosyl unit + ATP + 3 phosphate + 3 ADP 

2 Lactic acid + 4 ATP + 2 HaO 
whereas the reaction in yeast, discussed earlier, is 
Glucose + 2 ATP + 2 phosphate + 2 ADP 

2 Ethanol + 2 CO 2 + 4 ATP + 2 HjO 
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at present Of considerable importance m this connection is tiio obser\n 
tion'^** tint, after single contraction^ of muscle fibers under suitable 
conditions, no change^ in tlie content of creatine phosjihatc, VTP, or ADP 
ippear to occur Houcxer, inorganic pho'phnte is liberated, suggesting 
tint it IS derned from an orginic pho-'pliate compound more dirccth 
concerned ^Mth contraction, and which ma\ be formed in a reaction 
in\oKmg ATP 

Mu'cle tis«vue contains another x\TP-a«c, associated with the sarco- 
*‘omc- (cf p 359), m conlrn'-t to the c'nzMne of the imofibriN, it is 
actuated !»^ "" It mn\ l>e nddc<l that onzjmcs winch lijdrohzc 

ATJ^ ha\e been found in nearK all animal and jilant tissues examined 
'^ome cnzMiic prepirations, such as that from the potato, cataljzc the 
h>drob«is of both p\ roiiho'-phate bonds of \TP with the formation 
of AMP and 2 cquualcnts of inorgmic pliO'jdiatc To distinguish these 
tnzMucs from the ATl’-ase" of muscle, the> arc termed “npj rases” (a 
contnction of adenxljuropho'phata'csi The a\ailal>Ic data suggest 
that the ciizMiuc rcino\al of both pho'plmto groups of ATP ma\ ln^ol\c 
tlic sucrc'-uc action of a nucleotide p>rophosphata«c wliicli catalszos the 
reiction ATP + H.O AMP + p^rophosphale, and of a pjrophos- 
phatue, winch ludrohzos inorganic pvropho'plmtc to 2 equunlonts of 
pho'idiafo 

I rom the (bscuv-ion of ilcoholic fermentation, it became oaidcnt that 
tlic (on\cr*>ion of gluoo'C to p\niMc acid leads to the net senthc^is of 2 
moks of AlP from \DP per mole of glucose degraded fho situation 
1 - HMiKwhat different with rcganl to the amount of ATP x\nthcsizcd per 
gliicO'Nl unit of gI\cog<n when the poh** icclnride i- coinertcd to lactic 
acid m niu-cli extracts \s mentioned earlier, the work of nurnorou’s 
untstigator*- i-tihluhctl the identilx of nian\ of the enzMnic stcjis in 
ilcoliohc fcrmentulion and anaerobic ghcoUsis The sequence of rtac- 
turn** in the I inb(l(n-Me\erhof «-cheiiie for the con\crsion of gljcogcn 
to lactic icjil in nui»clc extrict* iv gnen in Fig 0 \nimal tuques other 
til m inu'cle abn ixhiliit apprici iblc an itrohic g!\ col\ '■u \mong these 
tUMiC', retina brun, embrvonic tj-Mies, and certun tumor" arc out- 
"tanding in tlie rite at which tliex produce hrtir and in the ab'-ence of 
ox^ gi n 

A conipiruon e>f the stheme- for ftleoheilic ferment ifion and for the 
hroakilown of gkcogin m mu*Tle -hows , number of import int dilTer- 
encc" In imj-ck the fict that gI\co,,rn i" the initnl mlMratc means 

\ ! I.i-tf-n Inn ft nl Nn/«rr ITI lOSI (|0^|} 

W W ntir! O Mrvffliof, 7 Hut! Chfm^ 17t 3S7 (laiS) S \ IVm 

/luWifi fi IrM n 4'''! (I'Ut) 

\ Ilrpinlsn.t U J Hilmor J II, (tl C/rn, 202 217 (lOkT), M JciUn on 
ft ai h.octfn y, ”,1 rij (laji 
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Since, for gljcolysis, inorganic phosphate is also required {for the phos 
phorolysis of gl>cogen and the oxidation of gl>cernldehyde phosphate), 
there must be a balance m muscle, as m jeast, between the synthesis of 
ATP and its hjdrolysis by ATP-ase 
When an isolated frog muscle is stimulated to contract m tlie presence 
of oxjgen, no lactic acid is formed Also, if a muscle that has been 
contracting under anaerobic conditions is placed m o\jgen, tlic lactic 
acid that has accumulated disappears and glycogen is formed This 
phenomenon is usually referred to as “oMdati\e reco\ery” Ho\ie\er, 
there is considerable doubt nhether this pathuay of oxidatnc recovery 
occurs to a significant extent in mammalian muscles in tui>o Con and 
Con have shown that lactic acid rapidly diffuses out of muscle into the 
blood stream, which carries it to the Incr, here lactic acid is converted 
to gly cogen The glycogen of mammalian muscle arises from the 
glucose earned to it from the liver by the blood, the utilization of 
blood glucose for glycogen synthesis involves, as a first step, the forma- 
tion of gIucosc-6-phosphate through the catalytic agenev of inustle 
glucokinase Although this enzyme, like other animal hexokinases (cf 
p 500), has not been purified extensively, it appears to be distinct from 
an enzvme specific for fructose (fructokinase) The conversion of glu- 
cose-6-phospijnte to glycogen via gIucosc-1 -phosphate requires the partici- 
pation of phosphoglucorautase, phosphory iaso, and branching enzyme 
(cf p 443) Tiie over-all process of the uptake of glucose by muscle, 
and Its utilization for glycogen fonnation, have been studied extensively 
m vitw with excised rat diaphragm The cyclic process summanzed in 
the accompanying scheme is frequently termed the “Con cycle" 

Muscle gly togen —♦ Blood lactic acid 

T I 

Blood glucose *— Li\ er glycogen 

Carbohydrate Metabolism of Liver and Other Tissues 

In the mammalian organism, therefore, there is a close interdependence 
between the carbohydrate metabolism of muscle and of hver The liver 
occupies a central place m the metabolism of all foodstuffs, since tlie 
products of their degradation m the gastrointestinal tract are earned to 
it from the small intestine by the iKirtal ciiculation Con showed that 
glucose and other monosaccharides (e g , galactose, fructose) aie absorbed 
in tiie intestine at a charaetcnstic rate that is essentially independent of 
sugar concentration Altliough tins suggests that the ratc-hmitjng 
reaction is a hexokinase-catalyzed phosphorylation of the sugar'*, and 
U2C F Con, Bwl Sympona, 5» 131 <19«) 

”3G F Con, J Biol Chem, 66, GDI (1925) 
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Tims, in tlic con^crslon of ghcogcn to lictic ncid, in mu=clc CNtncts, 
tlicro IS n net gain of 3 “cnerg\-rich” pliosphatc bond® in tlic fonn of 
ATP per phicosjl unit degraded A\itli gluco'^e ns the starting matennl, 
tiie net gam is onlj 2 ‘'energ\-neh” bonds, since \TP is required for the 
!ic\okinnsc reaction Tlie frec*encrg\ change in the con\erMon of 1 
ghico''\ I unit of gl\ cogtn to 2 molecules of lactate (pH 7, 23® C, reactants 
at 0 01 M) 1ms been estimated to be ca —57 kcal per mole of glucose 
cqunalent If i/ for the reaction ADP + phO'phatc-> ATP 4- H 2 O 
(under the nho\c conditions) is assumed to be about +11 kcal per mole, 
the gam of 33 kcal reprc'cnts an cflicicncj of “iS per cent Hone\cr, the 
\ allies u-cd for the calculation are uncertain (cf p 374), ind this estimate 
of the tlionnodjnamic efiicicncj of ghcohsis should not be considered 
more tlinn a rougli approximation 

It ^\as noted before that, in muscle, creatine pliospliatc «cr\cs as a 
source of pliosphatc for tlic sjnlbcsis of \TP In fact, the muscle of 
\trttbratt' cont iin" rclatuch «inall amounts of ATP (frog muscle con- 
tuns ca 0 1 millimole of ATP per 100 grams) but 1ms larger amounts of 
ere itinc pbo'plmtc (frog muscle contains ca 18 millimoles of creatine 
plio'-plmtc per 100 gram'*) It Tvas seen that m the o\cr-all process 
leading from gheogen to lactic acid there is a net gam of 3 cqm\alcnts 
of ATP, after a liriof contraction, the ATP inter lets i\jth creatine to 
regenerate creatine pho phatc From (he dal i of Iamd‘*gaard, who 
*-howcd tint, per mole of lactic icid fonned, ncirK 2 moles of creatine 
plio-pliate arc •■Mitlit'izcd, it would appear that the «\‘«tcm works with 
iiigii (I^lClcn^^ *^1000 the rc-vothcH" of creatine phosphate occur*? under 
anierobu condition**, it is cu**tom»r\ to refer to the period immedintclv 
following jincrohic contraction a« one of “anaerobic rccoecrj ” The 
clKiniid t^^nt*• during nmtrohic contraction and anncrobic rccoier} 
mu be ‘■uinnnrizcd a*! follows 

Cniitnction 01\rogni-* I actic acul 

Creatine pbo-pb Mt Creatine + pho-plmtc 
\I1’ imrlniigeel 

Ptcoitn Cilnogen— ictic icid 

C roatiiK + pliO'jdntt Creatine i>Iiospbatc 
ATP unchanged 

liiiu ghcoh i- prn\id(« imrgN both for (he atucrohic contraction and 
for tin innnibic r(co\tra lh« energ\ obtnmd from tlic bre ikdown 
of ghcogni (i> lutic uid 1 - 11 ed for the of MI’, md during 

llu period e>f w robir reroxerx dri\e- the ''Mitbrniv of ere itmc pbo'- 
phiU Ilu tnzMiiic re ictimi of matinc pho-phitc with \DP retum^ 
thu emrgx to tin \ TP rt-eiuinng re ictimu i tnml for ghcohM** 

•••Iv \ but* /rn-rle* 1 51, 0| (in,.T) 
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1-phosphate to dihj droxyacctone phosphate and glyccraldehyde, andU 
appears that glyccraldehyde is cither reduced by liver alcohol deh\dro* 
genase (p 319) to glycerol, or is phosphorylated to form gljceraldch\dc* 
3-phosphatc Clearlj, this tnosc phosphate can also arise Irora 
dihvdrox> acetone phosphate by the action of tnose phosphate jsomcrase 
Condensation of the two tnosc phosphates by fnictose-l,6-diphosphate 


Glycogen 


Phosphate 


ATP 

Glucose — i x-. 


ADP 


Fnjctofie 

ATP-n 

—ADP 

Fructose-l-phosphate 


Glucose-l-phosphat© 


Glucose-S-phosphate 


Froctose-S-phoflphfitc 
Phosphate-*-* 

^ADP '•HjO 

rVuctose-l,6-<i)phc«phate 


► Dihydroxyacetone phosphate - 


Glyccraldehyde 


A'^ 


ADP 


Gl> cera3dchyd«-3-pho8phate 


fig 7 Possible metabolic rehtioa'i of glucose, fructose, and gljcogea m raare* 
mahan In er 


aldola-sc (p 468) gi\es this hexosc diphosphate, which is hjdroljzed to 
fructo'?e-b-pho‘'phate bj a specific phosphatase abundant in mammahan 
luer The conversion of fnielose-B-phosphate to glj cogen then proceeds 
b> the enzymic pathwaj via glucosc-6-phosphatc and glucose-l-pbos* 
phate, as discussed previously, with the participation of tlie characteristic 
liver phosphorylasc (cf p 440) The possible metabolic rchtionslnps 
among glucose, fructose, and glycogen in mammalian liver ma\ be sum- 
mnnzed as shown in Fig 7 Evidence m favor of the pathway suggested 
for the conversion of fructose to glycogen has come from studies''^* with 
fructose labeled with C“ in carbon 1 An enzymic pathway for the 
conversion of glucose to fructose, of possible metabolic significance m 
some animal tissues, is the reduction of glucose by TPKH to yield 

G Ilcra J Biol Cftcm, 2X4, 373 (1955) 
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oxperiincnt'il c\idence consistent with this mcw is a\niliblc,”* otlier 
data”’ make the pre-ent statu** of thi** question uncertain If pliosphor- 
jlatcil ‘•ugnrs are formed as intermediates in intcsitinal absorption, tlicj 
must bo dephospliorj latcd (presumabK b\ intestinal pho'phatases) before 
the free supars enter the circulation 

In the lucr, ghicnse is concerted in large part to pheogen laser 
pKcopcn was discoscred m 1855 b\ Claude Bernard, who recognized that 
it 1 ** a major rieorsc carholndrate of aniinal-' The metabolic formation 
of pl> copen from plucose is frcquentl\ tenned “gl\ copenesis ” In fa«ted 
animals, glj copen formation can be induced b\ the feeding not onlj of 
materials that can be hj drol} zed to glucose and other monosaccharides 
such ns fructo-e but of \anou5 other materials as well A number of 
L-amino atids (eg, alanine, serine, gliitauuc acid), upon deamination 
in the li\cr, gi\c rise to substances (eg, p\ni\ic acid, a-kctoglutaric 
acid) that can be con\erted in tlic li\cr to the glucosa 1 units of glj cogen 
In addition, ^ub'^lanccs '^uch as gKcerol (dcriNcd from fats), dihsdroxs- 
nectone, or lactic acid c in all gne rise to gUcopen deposition in the h\cr 
Such noncarholndratc precursors arc tenned pljcopcmc (or glucogenic) 
compouiuN, for historical reasons this dcMgnation is restricted to sub- 
stances that cau'C a demonstrable net sjnthcsis of glj cogen or of glucose 
in fn‘*ting or in diabetic antinal« The procc«s of gl> cogen formation 
from thc'c prccur«ors i^ known as gljconcogcncsis The sjnthcsi'' of 
gI\coptn m tlio Ii\cr the procc'^-^cs of gUcogcncsis and of gUconco- 
gcno'-is is counteracted h\ the conacrsion of gKcopcn to glucose 
tglsc«pcnols'*i>) and the degradation of gl> cogen to p>ruMc acid 
(glj colisis) 

The eupar*> and glucdgtnic '■ulMancc'' broiiplit to tlic h\cr not onh arc 
stored as Ii\tr glicopen, hut are in part eatonsiiclj oxidized to proiidt 
cncrpi for the maiiitenince of cndcrgonic procccsc-* Iloweicr, the 
storage of p!uco-t m the form of a re'trxt c irholiNdritt enahk-> an animal 
to driw upon it« h\er pUcopen dunnp piriods of strc>^s (eg , &t inntion) 
when mori gluco'c is required for the IkkK ccononn than is proiidcd hi 
ingested foodstuffs 

In tvmumng the preice-*. of pKcogeiieviv, one mix con'-ukr fir^t the 
file of ahscirhtd phico'C or friicto-e In the h\(r, thcM two mono- ic- 
rhandc' an jiho'phorx 1 ited b\ \TP through the apcncx of 'cp irate 
tr inspho‘p!ior\las(s tenmd plucokiiM*-( and fructokinasc Like xiast 
hi\okina'-( (p I'lO), lixcr phicokin i^t cit il\z<' the conxcrsiiin of pluco'c 
to phico-i (» pho'phatc, iiowtier, h\rr fructokinasi coimrts fructo'.c to 
fnicto c-l.phosp!nt( I i\er cont im« in ildol i^r tint ckaxt-* fnictosc- 

“*M !• Hrlr //Mx-lrm J 53 V»7 
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and the C« content of the carbon atonrs of the hexose was deternDnai 
bj means of a senes of degradation reactions The important result of 
these experiments was the finding of C” in all the carbon atoms of glu- 
cose, with a preponderance of isotope in carbons 2 and 5 If krtie sod 
had been transformed to gljcogcn by the direct route, isotope shoiiW 
hare appeared only in tlie 2 and 5 positions, ns shown The presence of 
appreciable quantities of C*® m the other 4 carbon atonis indicates that 
lactic acid or one of its metabolic products participated in other reactions 


COOH 

C'HOH s=e: C*o 
I I 

CHj CHj 


CHO maOPOjHa 

C'HOH ISC c*0 
/ ! 

CHjOPOjHj CHjOH 


6CH2OH 



Glaeosy! utit of glycogoo 


Rhich led to the obsen'cd distribution of the isotopic label, and it vt&s 
Cbtimated that no more tlian about one-si\th or one-seventh of the 
administered ii>otopic compounds could ha\c been converted to gl>cogcn 
b> the direct route outlined abo\c It must be ernphasi/ed that this 
conclusion does not inialidate the vien that glj cogen is res>nthesi 2 ed 
from pj-rmic acid by a reversal of anaerobic gljcoljsis, it does indicate, 
however, that m its metabolic transformations pjiuvic acid participates 
in other reactions whicli lead to the appearance of C*® in all of its carbon 
atoms As will be seen from the discu*JSion m the nei,t chapter, these 
reactions are related to the aerobic metabolism of pjriivic acid Alore 
recent studies’-'’ with Iner slices from fasted rats ha^e «liown that about 
one-fourtcentU of the labeled pj rut ate (in this case CHgC’^OCOOH) 
used bj the slices for gljcogcn sjnthesis was directly conterted lo ^ 
g ucosyl units TiVith slices from fed rats, whose liter glj cogen is higher ■ 
fasted state, eten less (about one-fiftieth) of the pjru\ate- j 
was converted to gKcogcn prior to labeling of the other two 
pymute molecule 

ough the mechanism for the Q'^ntlicsis of glycogen from glucose 
appears o be present m nearly all animal tissues, the most imporlani 
1 cs 0 t us process arc the hver and muscles The hv cr is exceptional, 

B B iBOiiau et al, J Biol Chem , iU, S2S (1955) 
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i)--'orbitol (p 412), uliicli is oxidized to fnicto-c b> i DPN-dependent 
(lchjdrof'cn‘i'=c (sorbitol (lch\drogena‘!c) 

Bj the ndniini'tr'ition of a «ingle dose of C*'‘-lnbclcd glucose to intact 
rats, Stetten and Stetten"* ha\e slionn that there is initiallv a rephcc- 
nicnt of the glucos\l units in the outer tiers of the branched structure of 
h\cr gl\cogcn (cf p 445) With increasing tune, the inner tiers of the 
pclj'-acchandc become labeled, and eacntiialh the specific radioaclnitx 
of tlic peripheral gIuco’'\l units is less than that of the limit dextrin 
obtained b\ the action of /S-amjInse or of pho-pliorj lasc These results 
indicate that lucr gheogen is rapidl} sjnthcsircd and degraded, the 
mo4 ripid metabolic turno\er occurring at the peripheral gluco^jl units 
ith muscle gbeogen, rapid replnccincnt of the outer gliicosjl units i» 
o!)bcr^cd, but the inner ticr-s do not become labeled as rapidlj ns in li\cr 
It was noted before tint, in addition to dictarj monosaccliandcs, 
lactate and pjriuate can be con\crtcd in animals to lucr gljcogcn For 
example, m musculir contraction, lactate is produced and liberated into 
tlic circulation, a*- shown b\ a n**© m the lc\cl of lactate in the blood 
<lunng CXI rci'C '^m dicr unount« of lactate arc al**© formed b> glN colj sis 
m mun other tuMiC'. (if p 499) The lactate i-s largclj rtiiwcd from 
the blood h\ the lucr, and in this organ it is conxerted to gljcogcn The 
tu vihhlc cxidcnce point* to the initial oxidation of hetate to p\ru\atc, 
followed b\ the conxcrsion of pxnuatt to oxaloacctate and pliosphocnol- 
pxnuatc (cf p 513), and tlic reaction* of the Emhdcn-Mcjcrhof scheme 
leading from pho'phocnolpxruxate to gl>ccraldch>dc-3-pho»phate The 
tno«e pho-phate i* then con\ tried togUcogen as shown in Fig 7 Clcarlj , 
tin* rcxtr'-nl of cirholudntc breakdown to pxriuate is an endcrgonic 
proce-*, and i* couplcil to the cnzjniic nicchamsms for the generation 
of ATI* (cf p dSO) 

Although tin re u no doubt of the con\cr*ion of blood lactic acid to 
luir glsiogin in the mt ict aniin d, pxnuu acid, which i* an obligatory 
mtirmulnti m tlu re\tr*>al of anitroluc gl\eol\*«i*, aNo parlicipitt« in 
nut ibolic ri action* other than the fonn it ion of jiho'phocnoljix ru\ ic icid 
and rihtid mtermidiitt* of glMoI\'-i> Tin* has hien cIoarK eltmon- 
"tr itul m ixpiTumnt*”*’ in which 1 ictic and or pxnuic acid labeled 
wiih ( »*« m tlica-cirbon (i c , Cn-$C*'*n()IIC()()lI or CI!nC>''OCOOII) 
wa* ndmiiu»tcrid to rat- deplitiil of lutr glxrogcn b\ i prolongid fa^^t 
lh( luir gUcogin wa* then i-ohiUd, gluco'i wu* obt unid b% h\droK*i«, 

««Ml I lllAl.l Jiiorhcft J 19, 2 W n G Hrp. /w/„m rl l{,nphv» 

\rtii 22 202 (lajO) 

’**'1 H nii'l I) Jr J llnA Ch*m 207, Til (19*1), 213, 723 

(la,.,) 222,iS7(P/.) 232 (ia.S) 

I^.ifKr *1 nl J /W In3, 517 (^iO), \ J Toppcf nnd A U 

IK ire* t»nt,179, 12V1(1*U9) 
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•weight) to a normal subject, the blood sugar level mounts rapidlj and 
may reach nearly 200 mg per cent ^ithm 1 hr, and then returns rapidlj 
to the normal value withm the next 2 hr (Fig 8) If glucose is injected 
intravenously, the blood sugar level may reach 300 mg per cent TMien 
such elevated blood sugar levels are attained, the situation is described 
as one of hyperglycemia Should the rate of glucose utilization by the 
tissues exceed the rate of the supply of glucose into the circulation, 



Wg 8 Sugar tolerance curves of normal and diabetic human subjects The data 
refer to the arterial blood sugar levels after the jnges>tJon of 100 grams of gluco«e 

the blood sugar level may drop below 70 mg per cent, this condition is 
termed hypoglycemia If there is a physiological defect in the subject, 
so that his tissues are unable to metabolize glucose in a normal manner, 
the hyperglycemia resulting from a sugar meal may be sustained for a 
period much longer than 2 hr, under these circumstances glucose will be 
eliminated by the kidneys and will appear in the urine (glycosuna) 
Thus, in the metabolic disease known as diabetes raelhtus, hyperglyccnu'i 
and glycosuria are the consequence of the administration of glucose 
(Fig 8) The failure of diabetic subjects to maintain their blood sugar 
level at a normal value is a reflection of their deficiency in the protein 
liormone insulm, elaborated by the pancreas Upon the injection of 
insulin into the blood stream of a diabetic, the circulating glucose level 
returns to a normal value If too much msulm is administered, a 
hypoglycemic state may be induced It should be added that insulin 
IS not the only hormone concerned with the regulation of the level of 
blood sugar (Chapter 38) 

The measurement of the response to the administration of a test 
ose 0 sugar thus serv'cs as a useful index of the physiological state 
0 fiu ject With respect to lus ability to metabolize carbohydrates 
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lio\\c\cr, in the rcidj mobilizition of gh cogen for both needs As might 
be oxptcted from thi prcMoiis di«cu«sion, the lc^eI of li\or gljcogcn 
tlcpcnd‘‘ on the nte of feeding of carljohjdntc (and otlier ghcogenic 
sub-tancc«) to an minnl, and on the rate of utilization of glucose b\ that 
animal In a fasted animal the h\cr gljcogtn ma\ drop to about 1 per 
cent of the weight of the fre-h Ii\cr, whereas, after the administration of 
a large amount of carbolndratc, it maj in «omc instance® rise to 10 to 15 
per rent Although the muscle gheogen ma\ aNo fluctuate according 
to the nutritional «tatc of the animal, **ueh i\i<lel> di«p irate extreme^ arc 
not ob‘-tr\ ed in mueclc ti'^^uc Prolonged oxerci-^c, howt\cr, w ill lead to a 
decrci'^e in the gheogen content of -‘kelctal niu-clc On the other hand, 
the gheogen of heart inu'^ck <lois not dccrci«c during -t ir\ ition, rather, 
-light incrca«c- ha\c been noted 

The work of Con and bis a-«oclalc^ ha** shown that the mobilization 
of gluco'C from gheogen in the li\er is cfTeettd b\ the following sequence 
of cnzMne-catahzed rciclion« 

Gh cogen -* Ciluco-e-l-pho-ph itc— * Ghuo-c»0*pho'ph itc-> Glucose 

Jhi, la**! of the reution- t« citnl\ 2 cd b\ a pho-phatan present m Ii\er 
Tills cnzMiic (ghioo-c*0-pho-ph itn«t) hi- been partialh punfied and is 
without action on i Narict) of pho«phatc ester-, including fnicto-o-0- 
pliosph itc 

Of the three reaction^ bctwien gheogen and glucose, gi\cn nbo\c, the 
flr-t two arc rcadih rc\ersihle, and oiilj the h\droI\5is of gluco-c-0- 
pho«phatc IS the equilibrium \erj far to the right In the stoad^ state 
of gh cogcnol} SIS in the li\ cr, the rate of ghico-c production is determined 
f)^ the nctiMtj of glucO'e*G-pho-phata-t, the k\cl of thi« icti\il\ in rat 
ti\or- inrrca«i- o\cr the normi! \ due after the ammnh h i\e been fa-ted, 
and i« in irkcdh infliunccd b\ liormonal imbal incc (Chapter 38) In 
-oiiu c !-(- of >on Gierke - di'ia-e (cf p 410), in which the li\cr gheogen 
content 1 - high and the blood -iigir k\cl i- low, little gluco-c-G*i)ho«- 
ph ita-e ictieite wa- found ’■'* 

I he ghico-e formed In ghcogtnohei- i-, in large part, relci-td into 
the hhxMl, which rirrie- it to tin either ti— ue- One. of the remarkable 
control me ell ini-m- of amni d- i- eonrerneel with the glueo e keel of the 
nrcul iting blood In normal bnm »n being-, the gluco-c content of whole 
hlocKl 1 - 70 to 110 iiig of ruhning Mih-t ince- (cilculatcd i« ghieo-e ) per 
100 cr of hlofxi I hi- 1 - n-ualh exprt— ed a« 70 to 110 nig per cent \\ hen 
gluni-e 1 - fed in large miemiit- (I to 2 grim-* pi r kilogram of bode 

‘'1 M \ ‘*«3n m J Ihid Lhftn^ Ifll, f,l7 <ia/)) H K Cnnf ]ho(}\m rl 
//. irtn 17. -113 (I'U,) 

J \ htnnrr M a) J lUol Ortt^ 21R 77 (lavj) 

»■>(. T (on an.l C I ( i 7 Uul C}tm W) Ml (in, 2 ) 
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tonl> In all cases, the ubiization of glucose appears to in\o!\e a 
glueokmase-catnljzcd reaction The relative glucokmase activity of 
various rat tissues may be listed as follows brain, 100, stomach, 65, 
heart, 55, small intestine, 43, kidney, 28, muscle, 22 In contrast to the 
corresponding ensjmes of h\er and muscle, the hexokinase of brain 
appeals to resemble that of jeast m Us ability to catalyze the phosphor 
ylation both of glucose and of fructose Brain hexokinase is largely 
associated with cellular particles;’^ many of the other enzymes involvd 
m anaerobic glycolysis appear to be m the soluble material of the cellular 
cy toplasm 

In scmmal tissue, blood glucose is conv'crtcd to fructose (cf p 409) 
This conversion may be effected cither vm glucose-G-phosphate and 
fructose-b“pho&plmtc (which is hydrolyzed to fructose) or \n o-sorbito! 
(cf p 495) The transformation of Wood glucose to fructose also occurs 
in the pheonta of ungulates, in this group of mammals, fructose forms 
tiic larger part of the fetal blood sugar, and arises from the glucose of the 
maternal blood 

127 R K Crme and A So\% J Btol Ckem, 203, 273 (1953), 206, 925 ilM) 
12'' G A IrPigc and W C 8HiDoid**r, / Biol Ckem, 176, 1021 (1948), H 0 
Hors ct nl Bud ^ol, dnm biol, 33, 21 (1951) 

’-2 V S et al , y Physiol, 113, 258 (1951), M W Neil et al , Bwchem A 

65, 35p (1957) 
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The cuncs slionn in Fig 8 arc usuallj termed "sugar tolerance 
cuncs ” 

Tlic ^'\^lous metabolic c\cnts that contribute to the ranintcnance of a 
steadj -‘State concentration of plucose in mammalian blood arc siiin- 
iinrized in the accompanMng ‘scheme 
Food glucose 

and products of Blood lactic ncul — * {Ovidi/cd in ti««ucs 

toCOjandlloO) 

gluco‘sc — ♦ Muscle glycogen 

i 

(Ovidizcd in tissues 
to CO 2 and H 2 O) 


glucOIlOOgCIlC'SIS y' 

I i\cr gljcogon — » ] 


As mentioned before, a number of ti-^sucs are exceptional in baaing a 
high rate of anaerobic gl\cohsi«, leading to the production of blood 
lact itc Among tlic^c arc cmbrjonic and tumor tissues,’"* brain tissue, 
retina, and bone marrow (c( Table 1) Although man\ of the cnzxmcs 
cited in Iig 0 ha\c been identified in thc«c biological sastems, a satis- 
factorx explanation of their high glacohtic rate is not jet po«iblc A 
“timuhting hapothc'i'', which «uggc'‘ts that the origin of tumor cells is a 
con'^cqucncc of irrc\cr«il)lo damage to the aerobic rc«piraton mechanisms 
of normal tissue cells, h i« been dt\clope<l b> \\ arburg’*® 


Table I Approximate Rate of Anaerobic Glycolysis 


Ti^jsue (rat) 

ILatct 

(nt) 

Italot 

Krtirn 

15 

1’hccnta 

07 

Jon«cii «ircomi 

1 n 

Fplecn 

03) 

I inbrao 

1 0 

Spermatozoa 

0 2'> 

Hone m irrow 

1 0 

I larr 

0 K) 

Uniii 

09 

I ralhroc^tca 

0015 


t TIit \ nrn ri\« li m mirroinolr-i of nritj (n- uinnt In Itr hrtic nrjtl) foriiird 
{Tr Imiir jvrr nulliRnm «In wriciit of ti-'iir inrulintrr! nt nJfOiit 3^ C in Uir nl> • nr<. 
nf oxapf-ri ix iixoil) i irr fTr^nirnlK obniniTl inr-T nirrrnrnt in n 

Wnrliiirc ni'i'inln* of IIip CO |*ro>lnrr«J from n Imnrtiomtc InifTir (rf j> 2^S), 
nnU nr« ofun cufn irt niliir iiniiiinrli nt of CO, (1 iinrromnlo of anil M c<|iiival(nt 
to 22 I rmm of snx nt friniwnliiri amt j»iT--“iirf*) 


In mo 1 in tanri4, th< gl\ cola tie cnraiiKs of iininmilMn ti-xiies other 
than rmi-rit nntl Iiatr !m\( not betn punfitd or charactcrircd sa(i‘«fnr- 

I'tO Wnjl’urc r Tuoxirtn J ''jirincfr Ilfrlin I'W y/.f l/r'ol>o- 

forn «'/ 7umoiir* Irin^lil*'*! li% I JlirLrti* Con I<4>iiil<>n 1030 

«* J 1! Qin 1.1 //ym.l /.rti I'l, (IW) 

’ "O WrtIuik Vo-.fe- 123, SCri (in/;) Q \\ vl'Utc ( I ’ll / Salur/oTjff, , ll|i, 
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of its rclfttnely high rate of respiration They found that the rate of 
ox>gen uptake fell off slowlj with time, but that the original rate could 
be restored by the addition of bmali quantities of salts of one of the 
following four-carbon dicarboxjhc acids succinic acid, fumanc acid, 
malic acid, or oxaloacetic acid Of special importance \vas the fact that 
the increase m oxjgcn uptake \\as much greater than that required for the 
oxidation of the added dicarboxylic acid It had been kno'ivn from 
the work of Thunberg and others tliat mu&clc contains enzymes such as 
succinic dehydrogenase (p 344), furaara&c (p 234), and malic dehy- 
drogenase (p 318) It uas also recognized from the work of Kcilm that 
the succinic dchjdrogcnase was linked to the cytochrome system (cf p 
359) Szent-G> orgi’s experiments suggested, therefore, that these \ anous 
enzjrae sj sterna had a catalytic effect on the aerobic respiration of the 
muscle tissue The importance of the sutcinic dehydrogenase system 
w'us underlined by the fact that the addition of malonatc inhibited the 
cntahtic effect of the addition of any one of the four-carbon dicarboxylic 
acids These compounds were atrsuraod to be converted into each other 
in a sequence of enzy mc-catalyzcd reactions, as shown 


Inhibited by malonate 


COOH 

j 

1 

i 

succinic 

COOH 

j 

COOH 


COOH 

j 

CHi 

He fumareso 

j 

CH 2 

malic 

CH 2 

1 


4h 

( 

1 


1 

CH 2 

( 

debydfo 

genaee 

HCOH 

1 

dehydro- 

genam 

CO 

j 

COOH 


COOH 

COOH 


COOH 

B\iscjtuc 

ACld 


FuTnanc 

•ad 

•eid 


OsaloBtuWo 

setd 


From the measurement of the amount of oxygen taken up and the 
amount of CO 2 produced, the respiratory^ quotient (CO^/Og) was found 
to be close to unity , thus supporting the view tint the principal substance 
undergoing oxidation was related to the carbohydrates The oxidation 
of carbohydrate by oxygen may be written as follows 

(CHsO)^ + nOe nCOs + nHsO 

The results of Szent-Gyorgi ct al were put on a firmer basis in 1936 by 
the experiments o[ Stare and Baumann, who confirmed the finding 
that the “specific enzymes that act on the four-carbon dicarboxylic acids 
sene as catalysts in the aerobic oxidation of carbohydrates Later 
studies, notably by Krebs, demonstrated that the respiration of ramced 
pigeon breast muscle was increased not only’ by the addition of the 
4-carbon acids, but also by other substances, such as citric acid, o-keto- 
glutanc acid, pyruvic acid, as well as the ammo acids L-glutamic acid and 
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Aerobic Breakdown 
of Carbohydrates 


It was noted m tlie preccdiiiR chapter that, wlion an isolated muscle 
contracts m the presence of o\aKen, lactic acid is not produced m appre- 
ciable amounts This docs not mean that the nietibohc path^^a^ from 
KKcopon to pMaiMC acid is difFtrent under aerobic conditions, but rather 
that the extent of formation of hctic acid from pjruMC acid is markedh 
decreased as a con^eeiuencc of at Ici^t two factors First, the presence 
of oxjRcn Icids to tlie reoxidation of DPXII (formed b\ the oxidation 
of uljeenldeliNdc plio-plinte) to DPN*. ind niake-s DPXH una^allable 
for the reduction of p\ru\K uid to hctic icid (cf p -iDO) V second, 
and perI^p^ more import uU, reason for the fulurc of lactic acid to 
accurnulatt under aerobic condition* i- the npid oxidation of pjruMc 
icid itself in the presence of ox\j:(n, this oxnlation is pnmaril> responsi- 
hie for the re-pirator\ CO. ari'-mp from the complete oxnlation of carbo- 
h>dratc-‘ Therefore the discu'-^ion of the icrobic metabolism of 
c irboli>drate*‘ o-Hiitialh re\ol\e> about the meehani'ins for the oxidation 
of p\ruMc acid to CO2 ind water 

'I he oxidation of pjruMC acid b\ ox>Kcn m mu'clc, ind in manx other 
biological hx^tem*, repre-ents the inovt important component jiathwax 
from ^^luco'-e to CO. and H^O It occupic- a central pi ico not onl^ in 
tlie oxiditixe met ibolisin of carbobjdratc^ but, a** will be seen in subsc- 
(pient ehaptlr^, of lipiiN ind of itmnn ncidv a* xxcll 

The Cifnc Acid Cycle 

\n import int “tip in tin -tiidx of tin romplilo oxnhtion of pxnixie 
and w'l" t iken m l‘M*> bx ‘'znil-fixori.i and lii' U'-'on'iti- who “tudicil 
tin ri “jur ituni of iniiuid p>M'<m brt i-^t imi'ch, i ti'-in iho-cn bccau-e 

*H \ KrH.. -t./i.inr » IM 3 1*11(1*113) Unnry ! . rixirft II 105 

in 1) M Oniiitxr); i hrirntnl «*/ Mt tn^>nh>m, X oI I XraiJrnnc 

IV- \fW Xntk IV. I 

■( M-irtm nti,| I iMi.n iiUrtncrn tn fn 10, 107 (1*1^) Ocl.oa 

•'>/ 15. 1*0 (|n,l) 
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convenience, and should be understood to mean that a substance bound 
to the enzyme is in equilibrium nith free cts-aconitic acid 
The oxidation of d-isocitric acid to oxalosuccinic acid involves the 
participation of a pjndinc nucleotide sj stem (cf p 316) TPN-specific 
isocitric dehydrogenases have been isolated from some heart and from 
jeast, and DPN-specific cnz>mcs have been found in several animal 
tissues® The decarboxylation of oxalosuccinic acid to a-ketoglutaric 
acid IS effected bj an enzjme named oxalosuccinic decarboxjlase, it has 
been found m man> animal tissues and requires ;Mn-+ for activity’ 
Since a highJv purified enzyme preparation from snine heart exhibits 
both isocitric dehydrogenase and oxalosuccinic decarboxjlase actmtj, 
it has been concluded® tliat a single enz>me catalyzes the reaction 

d'lsocitric acid + TPN+;:i 

£t“Ketoglutanc acid 4- CO 2 + TPNH 4- H+ 

The reversibilitj of this reaction has been demonstrated by Ochoa, who 
used the glucose-6-phosphate dehjdrogcnase stem {cl p 313) to reduce 
the TPN+ formed Since the equilibrium in the reduction of TPN+ by 
glucose-6-phospimte is far in the direction of TPNH, the “COo fixation” 
bj a-ketoglutaratc is pulled b> the removal of TPN+ from the equilib- 
rium in the reaction written above (cf accompanying diagram) 

TPNHy jf S-PhosphogJueonic 

+ H+ Y 

TPN'^'^ ^ Giucose-6-phosphate 

At the time of the work of Martms and Knoop, it was alrcadj known 
that muscle tissue can cause the decarboxjlation of a-ketoglutaric acid 
to succinic acid This reaction could serve as a link between the meta- 

a-Ketogiutanc acid 4- IO 2 —♦ Succinic acid -f CO 2 

bohe transformations of the tncarbox>lic acids and of the four-carbon 
dicarboxj he acids The work of Green ct a! ® and of others demonstrated 
that cocarboxvhso (thiainme pyrophosphate, TPP) and Afg2+ arc obhga- 
torj cofactors m the operation of a coupled reaction sequence involving 
successive decarbox>Jation and oxidation Tlic over-all reaction is 
inhibited bj arsenitc After the studies of Lipmann, Lynen, and Ochoa 

«S Ochoa, / Biol Chem, 174, 133 (1W8), A Kornberg and W E Pneer, Jr, 
tbtd, 189, 123 (1D5I). G W E Plaut and S C Sung, i6id, 207, 305 (1951) 
Ochoa and E Wewz-Tabori J Btol Ckem, 174, 123 (194S) 

8J Mojie and M Dixon, Biocfum J, 63, 518, 552 (1956), G Szebert et al, 
J Biol Ckcm, 226, 965. 977 (1957) 


a-KetogJutanc \ / 
acid + CO 2 Y 


A 
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L-aspartic acjd However, before these cataljtic effects could be under- 
stood, additional facts had to be accumulated 
These came m part from the work of Martms and Knoop (1937) on 
the oxidation of citric acid by muscle tissues Although Thunberg had 
shown earlier that citric acid can serve as a substrate for biological 
oxidations, the nature of the enzjme-cataljzcd reactions involved in its 
transformation emerged more clearlj when it was found that citric acid 
IS oxidized to a-ketoglutaric acid, with the intermediate formation of 
cf-isocitric acid 


CH2COOH CHCOOH 

i II 

HOCCOOH ^ CCOOH 
CHjCOOH CH2COOH 

Citric acid ei» Aeomiic »cid 


HOCHCOOH 

(!:hcooh ^ 
iHiCOOH 

d leocitne acad 

COCOOH COCOOH 

inCOOH -» CHz +CO2 
injCooH (!;h2COOH 

Oialosucanie a Ketoglutano 

acid acid 


It Will be noted from the accompan>ing scheme that cis-aconitic acid 
IS the dehjdration product of the isomeric compounds citric acid and 
d-isocitnc acid, these three substances arc converted into one another 
m the presence of an enzjmc named acomtase On the basis of its 
specificity aconitasc raa> bo classed, along with fumirase and enolase, 
among the enzymes (hjdrases) that calaljze dehydration reactions At 
pH 7 4 and 25° C, the equilibrium mixture contains 90 9 per cent citric 
acid, 6 2 per cent d-isocitric acid, and 2 9 per cent cis-aconitic acid ^ 
Acomtase has been purified ^rom swine heart,* and shown to be activated 
by ferrous 10 ns and reducing agents (eg, cysteine) It appears that a 
complex between Fe-'*’ and each acid exists, and that the enzyme 
catalyzes their interconversion, via a common intermediate, while the 
metal complex is bound to the protein ’ Therefore tlie free acids are in 
equilibrium with a common intermediate, and the conversion of free 
citric acid to free d-isocitric acid docs not involve free cw-aconitic acid 
The representation of the reaction sequence shown above is used only for 


A Krebs Biochem J 54, 78 (19o3) 

■•J M Buchanan and C B Anfin'cn J Biol Chem , 180, 47 (1919), J F 
Morri'on Bwchem J , 56, 99 58, 685 (1951) 

5 J F Spojcr and S It Dicknwn, J Btol Chem, 220, 193 (1956) S Englard 
and S P Colowick, ibtd , 226, 1017 (1957) 
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GTF (or ITP) reacts ivjth ADP in the presence of nucleoside diphospho- 
Jvinasc (p 461) to form ATP The purified P cnz> me preparations from 
heart muscle appear to be specific for succinate The equilibrium ratio 
[succmyl-CoA j [ADP j [phosphate)/fsuccinafcc] [ATPJ fcoonzyme A] is 
about 03 at pH 7 4 and 20® C> hence the value of aP'' in the h>drol>sis 
of succinyl-CoA to succinate and coenzyme A is of the same order of 
magnitude as in the hjdrolysis of ATP to ADP and phosphate (cf p 
377) The conversion of «-ketoglutaratc to succmjI-CoA by heart muscle 
preparations, \vhcn coupled to the action of the phosphorjlating enzvme, 
can lead to the generation of ATP from ADP and phosphate In contrast 
to the phosphorylation of ADP coupled to the respiratory chain, this 
ovidatixc phosphorylation is not "uncoupled" b> dinitrophcnol Like the 
comcrsion of gIyccraldehydc-3-phosphate to 3-phosphoglyccric acid, 
the oxidation of a-kctoglutarate to succinate and CX)^ is coupled to a 
"substrate-hnKcd" pliosphoryblion (cf p 380) 

Wliat proved to be perhaps the most decisive discovery in the studj 
of the mechanism of the aerobic oxidation of carbohydrates was provided 
b> Krebs in 1937 when lie showed that minced pigeon breast muscle can 
convert oxaloacetic acid to citnc acid This conversion of a four-carbon 
acid into a six-carbon compound clearly involved tlic addition of two 
carbons from some inctabohtc, and Krebs suggested that the source of 
these two carbons migiit bo pyni\tc acid, which sulTcrcd decarboicylation 
m the process It is now known that the substance derived from pyruvic 
acid, and which condenses with oxaloacetic acid, is acct>I-CoA (p 482) 
This has been demonstrated convincingly bj Stem and Ochoa*’ through 
the CO stallization from sw me heart of an enz} me (“condensing enzyme”) 
that catalyzes the reaction 

Oxaloacetic acid -f acctyl-CoA 4- H20;=i Citric acid -f coenzjmc A 

Tlie reaction is strongly cxergonic in the direction of citrate sjnthesis 
(a/”' =” ca —7 kcal per mole at pH 72, 22® C) The enzjrae appears 
to be widely distributed nmong animal and plant tissues, as well as some 
micrDorgani=ms If its action is coupled to that of phosphotransacctylase 
{p 483), acctjl pliosphate can serve as an acetyl donor to oxaloacctate 
The raetabohe interrelationships of pyruvic acid, oxaloacetic acid, and 
citric acid arc summarized in Fig 1 In the presence of ATP and the 
"acetate activating” sjstem (cf p 484), acetate is converted to acctyl- 
Co\ and thus can be utilized for citric acid synthesis 
It will be noted that the reaction catalyzed hy the condensing enzjmc 
involves the attachment of the methyl carbon of the acetyl group to 
oxaloacetic acid The reaction difFers, therefore, from acetylation rcac- 

J R Steractal,y Biol CAcm, 191,161, 193,891,703 (1951), 198,313 (1952) 
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on the role of coenzjmc A in the oxidative dccarboxj lation of pjrmic 
acid (cf p 482), it '^as shown that succinjl-CoA is an intermediate in 
the decarboxjlation of a-kctoglutaric acid,*® and that Iipoic acid and 
DPN+ are participants in the reaction From the importt.nt work of 
Kanfman et al ** it is now recognized that the oxidative decarboxylation 
of a-kctoglutarate b> heart muscle preparations resembles in manv 
respects the conversion of pvruvate to acetvl-Co\ (cf p 481) A par- 
tially purified “a-kcloglutane dehydrogenase” preparation requires TPP, 
Mg2+, and Iipoic acid to effect the reaction 

a-Ketoglutanc acid + DPN+ + coenzyme A — * 

CH 2 COOH 

CH 2 CO— SCH 2 CH 1 NHR + CO 2 + DPNH + H+ 

6uc«n)l CoA 

In the formula of succinv 1-CoA shown, the group R denotes the remainder 
of the molecule of cocnzvmc A (p 206) 

It has been assumed, but not yet established experimentally, that, 
as in the oxidation of pyruvate, the above reaction proceeds by a se* 
qucnco of steps m which a compound of TPP and succinjl scmialdehyde 
(HOOCCH 2 CH 2 CIIO) IS formed by decarboxylation of a-kctoglutaratc 
and reacts with Iipoic acid to fonn a S-succinyl derivative of dihydro* 
Iipoic acid Tins is thought to be followed by tlic transfer of tlie 
succinyl group to coonzyinc A, and the icoxidation of dihydrolipoic acid 
by DPN+ Two enzymic routes are available for the conversion of 
succinyl-Co\ to succinate in crude prcji irations from heart muscle One 
of the«c IS Iivdrolysis of the thiol ester bond by a thiol esterase (“deacyl- 
asc”) *- The second involves a coupled reaction in which \DP is 
pliosphory latcd to form AlP The enzyme svttcm responsible for this 

‘^uccinv 1-Co \ + ADP + pbosjdiatc Succinate + coenzymcA + ATP 

reaction ha^ been seiiaratcd from the (t-ketoglutaric dchv drogenase sy stem 
dt'cnbcd above, and ha*? been tcrincel the “pho'pbory lating enzyme” 
(P cnzvme) ” Hit elchy drogen I'-c ind pho-jiboryl iting systems have 
been identified in aninnl ti‘-Mic‘5 (heart muscle), plants (spinach), and 
bactern (/ •ichenchm cob) It appears that, with prcparitions of the 
P cnrvnie from heart mu«clc, guanoMne diphosphate (or mo«mo diphos- 
phate) ntlicr than ADP is the initial phosphate acceptor,** the resulting 

‘"D It *• nnd J U I ittloficlil J Bial CAcm , 193, CS3 (lOil) 
u Iv lurmin ct at J Chrm 203 EGO <10j3> 

•-J (.«rK. Ij ct nl J Ihol T/uim, 19B, 3J3 (19«2) 

»II Mifl (I nl J IS,»l Chem, 201, SC„ (19>3). & Kaufm-in tbid^ 216, 
IM (I'Im) 

It ‘'inmli rt ii! , J Biol Chem, 218, 50j 
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the addition of %ery large amounts of any of these compounds, or of 
succmic acid itself, can completely mersc the malonate effect since the 
compctitnc inhibition of succinic dehydrogenase by malonate is overcome 
by high concentrations (10 to 20 times that of the inhibitor) of succinate 
Another inhibitor of the citnc acid cycle la fluoroacetate (FCHoCOO-) , 
which in biological systems gnes rise to the formation of fiuorocitrate 
This product is formed by the enzy mc-cataly zed condensation of fluoro- 
acetyl-CoA and oxaloacetalc,*® and inhibits competitively the action of 
aconitase Fluoroacetic acid has been found to occur naturally in the 
Iea\cs of a South African plant (Dichapetalum cymo&um) , these leaves 
are to^Jic to animals that cat them 


Formation of Four-Carbon Dicarboxylic Acids by 
CO2 Fixation 

In contrast to the behavior of muscle preparations, minccd pigeon liver 
IS able to oxidize pyruvate in the presence of malonate, or if no four- 
carbon dicarboxylic acids are added This is not to be taken ns indicating 
tlmt the citnc acid cycle is inoperative in pigeon liver minces, the dif- 
ference m the response to malonate is a consequence of the fact that 
pigeon liver (as well as mammalian kidney and liver) can synthesize 
four-carbon dicarboxylic acids from pyruvic acid if CO 2 present 
The first clear indications of such “CO 2 fixation" came from studies 
with bacterial systems-^ It had been known that "propionic acid bac- 
tern” (found m Gruyere and Emmcntalcr cheese and elsewhere), when 
grown in a medium buffered witli phosphate and containing glycerol as 
the carbon source, produce propionic acid in almost quantitative yield 
Wood and Workman*- found that, when the phosphate is replaced by 
carbonate, succinic acid is foirocd in addition to propionic acid, and, for 
every equivalent of succinic acid formed, one equivalent of COo disap- 
pears By the use of they demonstrated that the succmic acid 

contained C*® in the carboxyl carbons Since this result suggested tlie 
biological fixation of COo by a thrcc-carbon compound to yield a four- 
carbon dicarboxylic acid, Wood and Workman offered the hypotliesis 
that pyruvic acid (derived from glycerol) combined with CO 2 to form 
oxaloacetic acid, this condensation has come to bo called the Wood- 

i»R A Peters Advances in rnzymol 18, 113 (1957) 

O Bmdj, J Btol Chem , 217 , 213 (1955), A Marcus ami VV B Elliott, 
ibid, 21 c, 823 (1926) 

r Momson and R K Peters Biochcm J , 58, 473 (1954) 

2 * M 1 Utter and II G Wood Advances tn £nzvtnol 12, 41 (19ol) 

2211 G Wood and C II WeAman, Biochem J, 32, 12G2 (193S) 34, 7 (1010), 
H G Wood ct al, 7 Btol Ckcm, 139, 3G5, 377 (1911) 
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tions in uhich acetjl-coenzjmc A donates an acetjl group to amines such 
as sulfanilamide or to alcohols such as choline ^ith the formation of 
acet>l3ulfanihmide or acctjichohnc respcctnelj (cf p 578) Although 
the formation of citrate in\oKcs a different tjpe of chemical reaction 
from that in the acetjlation of sulfanilamide, 'icet\l-coenz5mc A is the 
“acetyl” donor m both This result must be attributed to a characteristic 
difference in the specificity of the two enzyme s> stem's concerned 


Coenzyme A 
CH 3 COCOOH - 


CH 3 COOPO 3 H 2 


KcO> + 2H+ + 2e 


Ace^l-CoA ^HOOCCOCHjCOOH 


^4 X X Ace^l-COA X /r 

NX (rs-coch3)N X 


tranuectyU*# Y 
(mbactem) 1 


+ H2O 


; K>isdensing enzjine 

^ HOOCCCHiCOOH 


fig 1 Role of coenjjme A in the melabobc relations among pjrmic 'icid, OTalo- 
acetic acid and citric acid 


On the basis of the facts ayailablc m 1937, Krebs^® proposed a meta- 
bolic cjcle iny citing citric acid as an intermediate, this scheme (cf 
Fig 2) has been y anouslj termed the “citric acid cj tic,” tlie “Krebs 
cjcle,” and tlie “tncarboxjhc acid ejele” In what folloyys, the first of 
these names will be used In the form gnen in Fig 2, the scheme 
includes information gamed since it was originnllj proposed bj Krebs 
The experimental basis offered b> Krebs for the operation of tlie citric 
acid c>clc in pigeon breast muscle was summarized bj him under four 
headings (1) the cataljtic effect of citnc acid on the respiration of 
pigeon breast muscle is of the same order of magnitude as that of succinic 
acid and the other 4-carbon dicarboxjlic acids, (2) there is a rapid 
oxidation of citric, isocitnc, cis-aconitic, and a-ketoglutanc acids bj 
pigeon breast muscle, (3) citric acid is synthesized from oxaloacetic acid, 
and (4) under aerobic conditions, succinic acid is formed oxidatuel} 
cither from fumanc acid or from oxaloacetic acid eycn in the presence 
of 001 M nialonate, which specifically blocks succinic dehydrogenase 
to about 90 per cent This la«t point is of "pccial importance, since it 
shows that, under conditions yylicre the conycr&ion of fumanc acid to 

A Krebi aniJ \\ A John on Enzymologta, 4, 14S (1937) 
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homogenates was provided soon thereafter, “ and the fi\ation of isotopic 
COo nas formulated as shown 

CHcCWOOH COG”OOH 
T, a, CH.C^OOH I I 

^ ILTun I -^HOCCOOH -iCHc 

+ C‘ Os I (LqcOOH I I 

CHzCOOH CH2COOH 

Subsequent studies on the oxaloacetic decarboxylase systems of ammal 
tissues (pigeon Ii\cr) and of plants {wheat germ) ha\c shown-^ that the 
re\ersib]e dccarbox'jlation needs a nucleotide such as inosine triphos- 
phate (ITP) or ATP, and that the product of this decarboxylation is 
phosphocnolpjruMC acid (p 471) In thcac enzjmc sjstems, the fixation 
of COo by phosphoenolpyruxic acid is coupled to phosphate transfer to 
IDP, the intercom ersion of the ATP and ITP sj steins lias been attrib- 
uted to the action of nucleoside diphosphokinase (p 4C1) Plant tissues 

CHz 
ii 

C-OPOzHs 
COOH 

Ou!oa--«tu. aa^ Pboiphwoolpjruvuaad 

(spinach leaves, wheat germ) also contain another cnzjme sjstem that 
catalyzes the formation of oxaloacetic acid from phosphoenolpyruMC acid 
and CO2 lu the absence of added nucleotides, and with the liberation 
of inorganic pliosphnte** This CO2 fixation is essentially irreversible, 
and it may account for the accumulation in leaves of relatnelj large 
amounts of the organic acids of the citric acid cjcic (cf p 516) 

Another enzyme sjstem for the decarboxj lation of % four-carbon 
dicarboxjlic acid to pjruvic acid and CO2 the "malic enzyme,” which 
effects the oxidative decarboxylation of malic acid^^ This reaction re- 
quires Mn"'*’ and involves the obligatory participation of the TPN 
sjstem, it cannot be imitated bj' combining purified malic dehjdro- 
genase and oxaloacetic decarboxv lasc The reaction mediated by the 

Jilalic acid -f TPN+ P>ruvic acid -h COo -f TPNH + H+ 

2<iV R Potlpr and C HejdeJb< rger, tiature, 154, ISO (1949), V Lorber ct si, 
J Biol Chem. 185, 6S9 (1950) 

27 M F Utter and K Ivurahashi.y Btal CAem , 207. 787, 821 (1954), T T Tthen 
and B Venne’=lanil ifaid, 213, 533 (1955), K Ivurahashj et al , tbtd , 226, 1059(1957) 

28 R S Bandurski J Btol Chem, 217, 137 (1955), T T Tchen et fll, tbtd^ 
213, 517 (1955) 

22 s Ochoa et al, / Btol Ckcm, 174, 979 (1948), 387, 849, 863, 891 (1950), 
S Oi-hoa jn J B Snmner and K Mjrbatk, The Enzymes, Chapter 72, Acadenue 
Pre^, lork, 1952 


COOH IDP 



aerobic breakdown of carbohydrates 5H 


Werkm'in reaction The formation of succinic acid as thought to im oh c 
the reactions shoi\n 


CHa 

I 

CO 

COOH 


COOH COOH 

I I 

CH2 CH. 

±^io ±2^HC0H 

I I 

COOH COOH 


P}TU>je Osaloacetie MaIic 

acid and acid 


COOH COOH 

I I 

HC CH2 


I 

COOH 


COOH 


Fumanc Suceimc 

acid and 


It ^ill be noted that the con\er3ion of pjru\ic acid to o\aloacetic acid 
bj COo fixation is the re\crse of a decarbovj lation of the keto acid 
Enzjmcs tliat cataljze this decarboxjlation (oxaloacetic decarboxj lases) 
are ^idelj distnbuted in biological sxstems, purified preparations ha\e 
been obtained from plant and animal tissues, and from bacteria By 
means of labeled COj, it was shown that such preparations cataljze the 
incorporation of labeled carbon into the carboxjl adjacent to the 
mcthjicnc group of oxaloacetate 

C »02 + CH3COCOOH HOOC^CH.COCOOH 


The wider importance of the fixation of CO2 to form four-carbon acids 
became eMdent with the dcmon-'tration that it also occurred in some 
animal tissues-* ^Micn pigeon Incr preparations are incubated with 
p\ruMC acid and isotopic CO2 (C'502, C'*02, or C^'Oo), the isotope 
appears m the carbox-j 1 groups of the four-carbon dicarboxj he acids and 
in a-ketoglutanc acid Since the «-ketoglutanc acid onij contains isotope 
in the carboxjl group adjacent to the carbonjl group, it was belie\ed for 
a time that the con^erslon of pjru\ic acid to a-ketoglutanc acid could 
not ln^ol^e anj s>mmctrical intermediates such as citric acid, and that 
citric acid is not in the direct metabolic pathwaj, as indicated in Fig 2 
Ogston,--* howe\er, called attention to the fact that, although citric acid 
IS a sj rometncal compound, the enzame which causes its metabdiic 
transformation is not Hence the enzjme-cataljzed con^erslon of a 
s\mmetrical molecule such as citric acid labeled asjmmctncalN with an 
isotope might be expected to take an asxmmetric course, proMded the 
substrate has a specific spatial relationship to the enzjme at three points 
in the en^^ mc-substrate complex (cf p 278 ) Experimental cMdence 
for the formation of such isotopicallj asj inmetnc citric acid bj rat h\ er 

23 B "Sennesland et al J Bwl Chem 178, 301 (1949) S Ochoa ct al ibid 
174 , 979 (1948), L O Krampitz and C H Workman, Biochem J , 35, 695 (1941) 
2*E A E\ans Jr, and L Slotin J Biol Chem, 141, 439 (1941), H G Wood 
et al ibid 142, 31 (1912) 

2-A G Ogston ^atllTC, 162, 903 (1918) 
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bicarbonate al&o leadt> to the appearance of m the 3 and 4 positions 
of the glucose units of li\cr gljcogcn®^ As pointed out bj Bloch, there 
IS no inconsistent j betucen these data from isotope experiments and the 
failure of acetic acid to behave as a glycogenic substance, as defined 
above The fonnation of glj cogen from pyruvic acid (or from compounds 
that are readilj converted to pynivic acid) can be accomplished bj a 
reversal of the reactions operatnc m gljcogcnolysis Tims the admin- 
istration of '^utli glycogenic substances to fasting or diabetic animals 
can force the synthesis of hexose units On tlie other hand, the carbon 
atoms of acetic acid can be comerted to pyruvic acid only by vvay of 
the citric acid cycle via condensation of acctyl-CoA with oxaloacetic 
acid Con‘!cqucnth, the formation m vivo of glycogen from acetic acid 
IS primarily dependent not upon the amount of acetic acid available but 
upon the entrance of acetic acid into the citne acid cycle and the rate 
at which pyruvate can be formed thereby 

It will be instructive to trace the path of acetate labeled in the methyl 
carbon or the carboxyl carbon as this metabolite passes througli the citric 
acid cycle (cf Fig 3) Note that the pliosphocnolpyruvatc formed after 
one turn of the cycle is so labeled tliat its carboxyl carbon contains 
isotope from the carbonyl carbon of acctyl-CoA, and its otlier two carbon 
atoms contain the label originally present in the methyl group If this 
labeled pliosphocnolpyruvatc is converted to glucosyl units, carbons 3 
and 4 of glucose will be labeled by the isotope from the carboxyd group 
of acetate and the otlior four carbon atoms of glucose will contain isotope 
derived from the methyl carbon 

It IS important to recognize that although citrate is a symmetrical 
molecule, the isotope derived from a labeled precursor is not randomized, 
as mentioned prev lously , citrate is metabolized m an asy mmetnc m«mner, 
and bound to tlie enzyme surface at three enzvmic groups that differ m 
their catalytic properties On the other hand, isotope present in suc- 
cinate 13 randomized, presumably because free succinate is released from 
the enzyme system tliat converts o-Kctoglutarate to fumarate 

Upon completion of the first turn of the cycle, the oxaloacctatc 
becomes labeled, and a second turn of the cycle will lead to the distribu- 
tion of isotope from the methyl-carbon of acetate among all three carbon 
atoms of phosphocnolpyruvate, the smallest amount of isotope being m 
the pyruvate carboxyl group It will be recalled that, when pyruvate-2- 
(CH^C^’OCOOH) IS administered to rats, the liver glycogen is 
found to be labeled not only in carbons 2 and 5 of the glucosyl units, but 
also in the other four carbon atoms as well (cf p 496) It can now be 
seen that the appearance of C*3 m carbons 3 and 4 of glucose is a conse- 
quence of the entrance of pyruvate into the citric acid cycle, through 

a‘N Lifson ct al, ; Biol Chem, 188, 491 (1951) 

w K Blocb, Phynol Revs , 27, 674 (iiM7) 
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“malic enzyme” is readilj re\crsible If glucose-6-phosphate and its 
specific dehydrogenase are present, a mechanism is a\ailable for the 
reduction of TPN+ (cf p 504), and the fixation of COj by pynuic acid 
to form malic acid ensues \\ ith some exceptions,®® preparations of the 
“malic enzyme” decarboxyhte oxaloacetic acid to yield pyruvic acid 
It mil be noted that the oxidatne decarbox\ lation of malic acid by the 
“malic cnz\mo” resembles the oxidatuc decarboxylation of isocitric acid 
(cf p 504) “Malic enzyme” actnity has been found in many biological 
systems, including plants and bacteria®' 

Fiom the abo\c discussion it may be concluded that two enzymic 
mechanisms arc present m animal tissues for the dccarboxy lation of 
four-carbon dicarboxy he acids It has been suggested that the con\ ersion 
of pyru\atc to phosphoenolpyruxatc m\ol\es the cooperation of these 
two enzyme systems, and that this route may be more important than 
the direct rc\crsal of the ATP-pyru\ic transphosphorylase reaction (cf 
p 473) According to this hypothesis,®® the “malic enzyme” and malic 
dehydrogenase concert pyru\atc and COo to oxaloacctate, which is de- 
carboxylated by oxaloacetic decarboxylase in the reaction that requires 
ITP or ATP 

Pyruaate + TPNH + -I- COj-^Malate + TPN+ 

Malate + TPN+ -* Oxaloacetatc + TPNH + 

Oxaloacetatc + ITP Phosphoonolpyruvate + COo + IDP 
IDP + ATP -> ITP + ADP 


Py ru\ ate + ATP Phosphoenolpy ru^ ate + ADP 


Relation of Acetate to the Biosynthesis of Carbohydrates 

The place of acetate in the intermediate metabolism of carbohydrates 
is of special intcre'^t in that its administration docs not increase the 
amount of Incr glycogen in a fasted animal or enlnnce glycosuria m a 
diabetic animal Although it is not glycogenic by these criteria, acetic 
xeid can pro\ide carbon atoms for the synthesis of glycogen, since, if 
C'^HsCOOH is given to a fasting rat, isotopic carbon is found in all the 
carbon atoms of the glucose units, wiUi CHsC^'^OOH, the isotope ap- 
pears in the 3 and 4 positions®® The administration of radioactive 

30 P Faulkner, Biochem J, 64, 430, Nature, 178, 921 (195G), H J Saz and 
J A Hubbard J Biol Chem, 225, 921 (1957) 

31 L M Ivraemer et al J Biol Chem 188, 583 (1951) 

32H a Krebs Bull Johns Hopkins Hosp, 95 45 (1951) 

33 H G y\ood Cold Spring Harbor Symposia Quant Biol 13, 201 (1918) 



518 


GENERAL BIOCHEMISTRY 


Other Metabolic Conversions of Acids of the 
Citric Acid Cycle 


It was seen abo\c that the "condensing enzyme” which catalyzes the 
reversible formation of cituc acid from acetyl-CoA and oxaloacetic acid 
IS widelj distributed among aerobic cells However, it does not appear 
to represent the onl> possible catalyst for citric acid breakdown and 
synthesis m animal tissues, since an cnzjme sjstem has been obtained'*'^ 
(from swme hver) that catalyzes the reaction 

Citiatc + cocnzjmc A + ATP 

Acetj I-CoA + oxaloacctate + ADP 4- phosphate 


In some microorganisms (eg, Pseudomonas), citrate and isocitrate 
undergo the following rev'ersibJe reactions,^® catalyzed by “citntase” and 
“isocitritasc” respectively These reactions arc slightlj cxergonic in 
the direction written Coenzyme A docs not appear to be involved 


CHsCOOH 

COCOOH M^* 1 

i -fCHaCOOH HOCCOOH 

CH 2 COOH J 

CH 2 COOH 


CH 2 COOH CHO 
iHaCOOH ioOH 


imatritase 


HOCHCOOH 

CHCOOH 

CH 2 COOH 


In manj molds (eg, Aspergillus mger), citric acid is a major end 
product of the oxidative metabolism of acetate For the sjnthcsis of 
citrate, oxaloacctate is required, and it has been suggested that such a 
4“C‘irbon dicarboxjhc acid may arise bj the condensation of two Gs 
units This hypothesis, derived from the w ork of Thunberg and Wieland, 
has recurred at intervals m the biochemical literature, one formulation 
of the Thunberg-Wicland cjcle (or dicarboxvhc acid cjcle) is given 
in the scheme on p 519 Although isotope studies wnth molds gave 
data that were interpreted to indicate the condensation of two Cj units 


A Srcrc an<l F Ljpmann, / Am Chem Soc, 75, 4874 (1953) 

Daglej and E A Dawes, Btoehtm et Biophyt Ada, 17, 177 (1955), R 
5\Tieat and S J Aj! J Btol Chem, 217, 897, 909 (1955), H J Saz and E F 
Hillary, Btochem J , 62, 5C3 (1956), K A Smith ct a! , Siocktm et Biaphys Acta, 
19, 567 (195G) 

K ’IValker, Advances j» Cmymot, 9, K7 <1019), J W Fo’^lcr ct aJ, Proe 
A’o/I Acad Sci 35, CG3 (1919), 36, 210 (1650), W E Jefferion and J V* Foster, 
J Bad, 6S, 587 (1953) 
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the formation of CIUC^®0-CoA Clcarlj, the appearance of in 
carbons 2 and 5 of glucose can result from the direct utilization of 

p>ru\atc-2-C^3 for the sjnthcsis of phospliocnolpjruvatc-2-Ci3 (^f p 


CH3COOH 


CH3CO— CoA 


CH2COOH 

♦ 


CH2COOH 

HCCOOH 

II 

HOOCCH 


CH3COCOOH 

CO, 


CH2COOH 

I 

• HOCCOOH 


CH2COOH 

I 

CHCOOH 


CH2COOH 

HOCHCOOH 




xCOOH 

1 

CHjCOOH 

•C— OPOjH, 

1 

II 

•CHj 


CHg 


CH,COOH 

1 ^ 

Pfv COCOOH 

y 

* CH2COOH 

1 


1 

CHjCOOH 

1 

CHjCOOH 


Fig 3 Labeling of oxaloacetate upon completion of one turn of the citric acid 
c>cle after the entrance of a labeled acct>l group domed from acetate or from 
pjrmatc The broken arrow denote;# tlic entrance of labeled oxaloacetate mto a 
second turn of the cjcle 


473) If the labeled pjruvate participates in a COo-fixation reaction 
leading cither to malatc or to oxaloacetate, HOOCCHnC^^ocoOH 
will be formed One turn of the citric acid ejele will conaert this to 
HOOCC^3H>Ci30COOH, which gucs nse to glucosc-l,2,5,6-C^® 

From the foregoing, it will be eaidcnt that the fixation of labeled CO 2 
{eg, C^'^Os) into oxaloacetate or malate, followed b> the formation of 
a s>mmctrical 4-carbon compound such as succinate (cf Fig 3), should 
lead to the labeling of li\er glj cogen m carbons 3 and 4 of the glucosyl 
units 


The Cifric Acid Cycle m Other Biological Systems 

After the proposal of the citnc acid cycle in 1937, there was much 
discussion about its validit>, but there can be little doubt at present that 
it represents the principal metabolic pathway for the aerobic oxidation 
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C4 acid to oxaloacetic acid Tvould permit the net formation of 1 molecule 
of citric acid from 3 molecules of acetate, as in Aspergillus 
Another product of the carbohydrate metabolism of some fungi 
{Aspergillus terreus) is itaconic acid, which probably arises by the 
enzymic decarboxylation of cis-aconitic acid 

CH2COOH CH2 

HOOO-C=CHCOOH ^ HOOC— 0— CH2COOH 

ct« AcoDitic acid Itacomc acid 

Oxalic acid (HOOC — COOH) is a further product of the oxidation of 
carbohydrates and of acetate b> fungi such as Aspergillus niger It is 
probably formed by the oxidation of glyoxylic acid (OHC — COOH) , 
this may arise either by the oxidation of glycolic acid (HOCHoCOOH), 
catalyzed by glycolic acid oxidase (p 338), or by enzymic clea\age of 
isocitnc acid or of oxaloacetic acid Some fungi decarboxylate oxalic 
acid to yield formic acid and COg 


* Energy Relations in Carbohydrate Metabolism 

In order to discuss the energy relations in the metabolic breakdown of 
carbohydrates, it may be »^cful to summarize schematically the processes 
mvohed in the oxidation^'pf glucose to CO2 and water As will be seen 
from the subsequent discussion of the metabolism of fats and of proteins, 


Glucosyl unit 

1 


IVmvic acid 




ICHgCO) — Y Oxaloacetic and 

\ 40 1^2002 + 2 H 2 O 

Citnc acid — * — I 


several intermediates m the scheme shown in Fig 2 maj be derued from, 
or be comerted to, fatty acids or amino acids Thus acetjI-CoA is an 
important intermediate in the oxidation and in the synthesis of fattj 
acids Also, the keto acids pyruvic acid, oxaloacetic acid, and a-keto- 
glutaric acid are closely related in metabolism to a variety of n-ammo 
acids, notably alanine, serine, tysteine, aspartic acid, glutamic acid, 

'‘9R Bentley and C P Thies?en,J Biol Cfccm , 226, 673, 689, 703 (1957) 

W W Cleland and M J Johnson / Biol Chcvi , 220, 595 (1956) 

5»0 Ha>aishi et al, J Am Ckem Soc, 70, 5126 (1956) 
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to form a C 4 acid, later -work showed that other explanations of the 
results were equallj -valid 



CH2COOH 

Diearboxylic sod c>cl« 

Of special importance in this connection was the discovcrj' of a 
microbial cnzjmc s>stem (“raalatc sjnthclasc’') that effects the conden- 
sation of acetate {presumablj \ia acctyl-CoA) with gl>ox>lic acid to 
form malic acid,*® a reaction formallj analogous to the cnzjmic con- 
densation of acetjl-Co\ with oxaloacetic acid to form citric acid (p 506) 
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Fig 5 The gI>o\jIic acid cycle 


In microorganisms that contain malatc sjnthetase and isocitntasc, a 
“glyoxjlic acid cycle” (Fig 5) ma> be operative for the oxidative 
conversion of 2 molecules of acetate to 1 of succinic acid It will be 
noted from Fig 5 that, in the gljo-xylic acid cycle, the isocitntase and 
raalate sjnthetase reactions replace the steps from isocitric acid to malic 
acid in the citric acid cycle The oxidation of succinic acid to fumaric 
acid would explain the formation of the latter compound from C 2 
compounds in molds such as Rhtzopus mgneans, further oxidation of the 

L Komberg and H A Krebs Aalure 179, 9S8 (19o7), D T O Wong 
and S J Ajl, / Am Chem Soc , 78, 3230 (1956), Science, 126, 1013 (1957) 
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required per molecule of hc\osc, 30 of these are needed for the oxidation 
of 2 molecules of pynnato, uith % concomitant sjmthesis of about 30 
molecules of ATP from ADP The other 2 oxygen atoms are required 
for the reoxidation of tlic 2 DPNH molecules (per bexose unit) formed 
in the oxidation of glyceraldehjdc-3-phosphatc (cl p 324), this jields 
an additional 6 molecules of ATP by coupling ^ith the respiratorj chain 
Furthermore, there is a net yield of 2 moles of ATP (from ADP) per 
mole of hexose in tlie anaerobic conversion of glucose to pjruvate (cf 
p 490), gi\ing a total of 38 “energy-rich” bonds For complete oxidation 
of a glucosjl unit of glj cogen the calculated total is 39 “energy-rich” 
bonds, since the net jield of ATP in anaerobic gljcolysis is 3 moles per 
mole of hexose unit If a •value of about -f II heal per mole is assumed 
for the phosphorjlation of ADP under the conditions of glucose oxidation 
m the cell (cf p 491), the oxidation of I mole of glucose to CO 2 and 
H 2 O may be expected to be accompanied by the transfer of about 420 
kcal to the nthesis of ATP This corresponds to an efficiency of about 


60 per cent 

Table f Oxidative Phosphorylation in Operation of 
Citric Acid Cycle 

No Beaction P/0 ratio 

1 Pyruvic acid + DPN+ CHaCO— + DPNH + 0 

DPNH + 4- ^Os DPm + HzO 3 

2 Isootric acid -f TPN"^— » Oxalosuccmic arid 4- TPNH 4- 0 

TPNH 4- 4- ^02 -4 TPN+ 4- HjO 3 

3 a-Ketoglutanc acid 4- DPN'*'— ♦Succinic acid 4^ DPNH 4" 3 

DPNH 4* 4- IO 2 -» DPN+ 4 * H^O 3 

4 Succinic acid 4- ^Oj—* Fumaric atid 4* HoO 2 

5 Malic acid 4- DPN'^— » Oxaloacetic acid 4* DPNH 4* 9 

DPNH4-H-^4-^0>~*DPN+4-H20 3 


From the values for the frec-cnergy changes in the breakdown of 

glucose (cf p 521) it is clear that the aerobic oxid-vtion of glucose yields 

approximately 12 times more energy per mole than does the process of 
anaerobic gly colysis In other v. orde, to perform a giv cn amount of w ork, 
a muscle operating aerobically might be expected to oxidize much less 
glucose than in anaerobic work In this connection it is of interest that 
under anaerobic conditions the rate of consumption of caibobydrnte by 
muscle tissue is approximately six to eight times that observed under 
aerobic conditions It would appear, therefore, that the operation of 
the aerobic mechanisms of carbohydrate breakdown inhibits tlie rate 
of coDvereion of glucose to pyruvic acid This inhibition, by oxygen, of 
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unonz ntlicr* Con orjutrith nlllio ish the inttrimxlntc inctnholi'Mi of 
carl>ohMlrn*o i' con'uic’‘eii '■ipimliK from iIjc imtiholj'in of f\t'‘ nnd 
p'ottin' t}n« '■cpnrntion made onK for coim lunce, in the int irt ctU, 
therv ire inntn nictnlKihe p’wt-'i' nlucli link tlie nut iholi- n of ctrho* 
hxdrnti' v.ith tint of otitr rtll con'‘titiunt« iml of othtr nntrunt 
nntc'in!* 

\« note<l nrlur in tht tjxuintne hrcnkchiun of c irhohMlrnte to COj 
nnd nntcr, JiF* in tin. n notion 

C, -r r,0™ ^ f'CO. + OII^O 

Is ipi>ro\inntcI\ — G^J kc il pir mole It « i- -inn tint Ihi' priKt'-* nn\ 
bt ron-itltrtnl to heem with thi uncrobic dcbrnl vtion of ^luco-e unit'* 
to p\ ni\ ic ncid ind m inn-eli ixtrnets tiu prort—of iinerobie pl\ coI\ -is 
from pKcOoin to Inctic nrid tni\ lu dc-cribeil b\ tlie m irtum 

(CeH^.O^l - II J) 2CIKCnOHCO(lII 

The fpcc-tmrpx chnnee in tin- proct— i*. approvinnliU ~'»7 kri) pir 
mole u nujor pnrl of v^hich (ci OOpircintl i- u-ed Ia inu-iU cell- for 
tht ro-\ntliC'i' of \Tl* from \DP In the nirolne oxid Uion of pn ru\ntp 
to I (>2 'ttid HnO bv me ui- of the citru neul e\ elc, " itomi of nwpm nn.' 
rcf|VMre<] per inokculo of p\ nnntt (<f p V)S) nml in riducidlt\ cUctron 
lrnn«fcr from DPMI TPMI, or n rultictd Hi'in \** seen hcfori, this 
electron trnn'-ftr iiuohi'' the n-pirntor> eh nn of eat»l\-t'^, nnd 
coupled in li\cr mitochondrii ind imi-cle -irco-onu- with tlie phn-plio- 
nhtion of \DP 

The ‘•tiidics performed b\ Ochoi** hn\e «hov\n that, with nll-fru 
extract- of cat heart mn-cle, the oxid ition of p%ru\nte to CO, nnd H.O 
is acroinjianied b> tht ptneritioii of n!>ont lo “cmrpx-rich” iilio-phnti 
l)oniK per mole of pxrmate 'Un- xnUu mnx l>e roinpnrcd willi the 
ro-ult of n calculation from dut i on tlu xield of \TP in tlu indi\idiml 
reactions of the citric ncid cxclc Dtttnmnations of the P/0 ratio m 
the oxidation of DPisH bx oxxgtn hn\t fiuen Mihiti approacliinR .T, the 
P/0 for the flaxoprotcin-dtpeiukiit oxidation of "uecinate to fmnniate bj 
oxjRcn is probablj 2 (cf p 383) In the corntr-ion of o-ki toRlufarati 
to succinate, I ATP is Rcncrated b> n "«ub«trntc-linked” pho-phoij la- 
tion Tlicse data are simiinanztd'’ in Table 1, nnd it will bt seen that 
the total number of “cntrg> -rich” bond« Kcncratcd in the fi\c oxidatixc 
steps of the citric acid cjcle is calculated to be I*), in excellent ngrtinunt 
with tlie aaluc found bj Ochoa 

In the oxidation of gluco«c to CO 2 nnd IlaO, 12 oxjgcn atom^rc. 

62 S Oclio-i J Biol Chem, 151, 493 (1 

63 r E Hunter, m U D Mtl Iroj an 
Johns Hopkins Press, Baltimore, 1951 
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bihty exists that the Pasteur effect is caused by differences in the 
intracellular localization of these phosphate compounds under aerobic 
and anaerobic conditions®® Sudi a hypothesis also provides an explana- 
tion of the observation made by Crabtree®^ that the endogenous 
respiration of tumor tissues is inhibited by glycolysis induced by the 
addition of glucose The close connection between glucose utilization 
and oxidative pliosphorylation is also indicated by the finding that the 
Pasteur effect in yeast and other organisms is counteracted by tlie ''un- 
coupling” agent 2,4-dinitrophenoP* (cf p 385) 

Rackcr, Harvey Lceluri.'i, 51, 143 <1957) 

57 H G Crabtree Btachem J , 23, 530 (1929) 

6*0 Mejerhof and S Tiala, Biot-htm ct Dtopkys Acta, 6, 1 (1950), F Lynen 
and E Koenigsberger, Ann Chem, 573, 60 (1951) 
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the rate of carboh} drate breakdown is frequentlj called the Pasteur 
effect In 1861, Pasteur found, in his studies on alcoholic fermentation, 
that under anaerobic conditions much more sugar was taken up, per 
quantity of jeast present, than was consumed in the presence of air 
This effect, later termed b\ Warburg the “Pasteur reaction,” has been 
obser\ed with manj tapes of cells from a \arietj of organisms, including 
animals and plants 

The Pasteur effect appears to be an c\prcssion of the close interrelation 
between the cellular mechanisms of anaerobic glacoUsis, responsible for 
the conicrsion of gluco-e to paruiate, and of the citric acid cjcle, which 
causes the generation of ATP bj the aerobic oxidation of pjruiate The 
mechanism of the effect lia» not been elucidated, and sci eral theories 
ha^c been adiancod in efforts to explain it Mejerhof's studies on the 
Pasteur effect in muscle led him to suggest that it is a consequence of 
the rcsjnthcsis of carbohjdrate under ovidatue conditions, the result 
being a decrease m the net rate of gKcoKsis From his data he con- 
cluded that the ratio 

p 3 ruMc acid con\erted to carboh\drate 
pj ru\ 1 C acid oxidized to CO^ and H 2 O 
IS approximatolj 5 A similar \aluc lias been calculated on the basis 
of Ochoa’s data on the o\idati\c generation of tlic p\ rophosphate bonds 
of ATP If the assumption is made that 4 moles of ATP art required 
for the rcicrsal of the gljcohtic breakdown of 1 mole of a gluoos\I unit 
to 2 moles of pjniMc acid (cf p 490), it follows that the oxidation of 2 
moles of pjruMC acid will proiidc sufficient ATP, ic, approximately 
30 p\ rophosphate bond®, to permit the coincrsion of about 14 moles of 
p\ruMc acid to gljcogcn, corresponding to a ^alue of about 7 for the 
abo\c ratio 

Although Mevtrhof’s h^ pothesis ma\ lia\c limited ^alldlt^ in explain- 
ing the Pasteur effect m mu«clc, it docs not appear to apply to many 
other biological s>stem‘! that exhibit tlic effect For thi" reason, consid- 
eration has been gi\cn to the suggestion that in the prc-cnce of oxwgen 
one of the carh «tcps m anaerobic glycol\«is is inhibited, with a resultant 
(lcrrca«:e in the o\er-all rate at which p\ru\ic acid i«i fomicd*^ Thu« 
the decreased utilization of gluco-c in the presence of oxygen may be a 
con'cqucnce of an inhibition of tlie reaction catalazed b\ hcxokina«c 
It will be recalled that thi** rcaition depends on the aaailabilita of \TI* 
Since the stcaf!\-at ite le^els of \TP, \DP, and inorganic phosphate at 
the cellular site* of aniirobic gKcoUti-* and of ri'piratorw chain pho'- 
phoraliUion influence the rile- of thc'C procc-ses (cf p 383), the po-si- 

C Dixon liiol hrii 12. 431 (1937) 

^ \ C rj; and t It I’ollcr, J fiutt Chrm , 22i, 1115 ( 1 ^ 57 ) 
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ence of glucose-S-phosphate debjdrogcnase, and that the lactone is 
hjdroljzed to form C-phospho-D-glucomc acid (p 313) This dehydro- 
genase has been found m many animat tissues {it is especially high m 
adrenal cortex) and in higher plants, yeast, and numerous other micro- 
organisms In addition to its formation by the oxidation of glucose-6- 
phosphate, G-phosphogluconic acid can arise m molds and bactena bj 
enzymic phosphorylation of n-gluconic acid by ATP, a *'gluconokmase” 
has been demonstrated m microorganisms adapted to utilize gluconic acid 
as a nutrient carbohydrate® The con\ersion of glucose to gluconic 
acid IS effected by a microbial glucose oxidase (p 339) It is of interest 
that mammalian ii\er also contains an enzyme that catalyzes the oxida- 
tion of glucose to gluconic acid When isotopic gluconic acid is admin- 
istered to an intact rat, some of the isotope appears in. the tissue glycogen, 
rat fixer and kidney exhibit gluconokinase actixity ^ 

The studies of sex eral m\ cstigators have shov n that y east, Eschenchia 
•coh, and extracts of many animal and plant tissues contain another 
enzyme, named 6-phosphogluconic dehydrogenase, -which, m the presence 
of TPN+, catalyzes the oxidatuc decarboxylation of 6-phosphogluconic 
acid, the enzyme is actuated by or Mn^^ It would appear that 
this reaction proceeds m two steps, first, a phosphoketogluconio acid 
(possibly 6-phospho-3-ketogluconic acid) is formed, and this compound 
then loses CO 2 to form the phosphoketopentose D-nbulosc-5-phosphate 
The likelihood exists that these two steps are catalyzed by a single 
enzyme, analogous to the enzymes that cause the oxidatxxe decarboxyla- 
tion of malic acid or of isocitnc acid (cf p 513) 
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2G E Clock and P McLean, Btochem J, 56, 171 (1951), T L Ke»j et aU 
/ Btol Chem, 212, 645 (1555) 

«S S Cohen, J Btol Chem, 189, 617 (1951), DBM Scott and S S Ck>hco, 
Bwchem. J , 55, 23 33 (1953) 

<M R Stetten and D Stetten Jr J Btol Chem. 187, 241 (1950), I G Leder, 
ibvi, 225, 125 (1957) 
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Although the Embden-Mejerhof scheme of anaerobic breakdown of 
glucose {the gljcoljtic pathwaj) unquestionablj represents the principal 
route of con\ersion of carbohjdrates to pynivic acid in man> biological 
systems, including animal and plant tissues and some microorganisms, 
it IS by no means the onlj known metabolic route for this con\ersion 
The occurrence of alternatno pathwajs was indicated b> early obsor\a- 
tions that reagents such as lodoacetate, arsenitc, or fluoride, which block 
component reactions in the glycoljtic pathwaj, do not inhibit glucose 
utilization completcl} , m some systems the inhibition is relatively slight 
One of these alternative routes of glucose metabolism, of importance in 
plants, some animal tissues, and several tjpes of microorganisms, involves 
the oxidation of glucosc-6-phosphatc to C-phosphoglucomc acid, which 
IS in turn converted to pentose phosphates Knowledge of this pathwaj 
has emerged from the initial studies of Warburg, Dickens, Lipmann, 
and Dischc, it has been elucidated largely through the later efforts of 
Cohen, Horcckcr, and Rackcr In the biochemical literature, this alterna- 
tive route has been given various names, including the “Warburg- 
Dickensi pathwaj,” the “hexosc monophospliate oxidation shunt,” and 
the “pentose phosphate pathwaj ” In the present discussion, the last 
of these designations will be used As will be seen later in this chapter, 
additional metabolic mechanisms of glucose breakdown, other than the 
gljcoljtic and pentose phosphate pathwajs, are also known 

The Penfose Phosphate Pathway^ 

It will be recalled that 6-phospho-n-gluconolactonc is the product 
of the oxidation of D-glucopjranosc-6-phosphatc bj TPN+ m the pres- 
IF Dickens Bnl \[cd Bull, 9, 105 (1053), E Rackcr Adianccs in Emymol^ 
15, 141 Jlaricy Lectures, 51, 143 (1957), B L Horcckcr and A H Mcliler 

Ann Bev Biochcm , 21, 207 (1955), S S Cohen, in D M Greenberg, Chemical 
Palhicays in Metabolism, Vol I, Academic Prres Iscw Jork, 1954 
52S 
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process has been named nbulose diphosphate carboxylase {or nbulose 
diphosphate dismutase) ® 


CH2OPO3H2 
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In Escherichia coh, nbulose>5-phosphatc also can arise either from 
ribose b> conversion of nbosc-5-phosphate (formed by enzymic phos- 
phorjiation nith ATP)® or through the phosphorj lation of nbulose bj 
ATP The tno kinases involved arc tcrmcti ribokmase and ribulokinase 
respcctivelj E coh is able to intercom ert D>arabinosD (p 404) and 


ATP -v / D-Ribo^e 


ADP ^ ^ Ribose-5-phosphate 



Fig 1 ^^et^boI^c conversions of D-pentoscs in microorganisms 


D-nbulose Microorganisms {cf Fig 1) also can utilize n-xylose (p 
410), the initial step appears to be isomerization to xylulose, followed 
by enzymic phosphorylation bj ATP to form x>IuIose>5-phosphate^^ 
In higher plants, the mtcrconversion of arabinose and xjlose ma> be 
effected by the reactions of tbcir UpP derivatives (cf p 464) , thus 
UDP-xj lose IS transformed to UDP-arabinose in the mung bean In 

8A Weissbach et al , J" Btol CAem, 218, 795 0055) . J Majaudon ct a! , flwcAtm 
et Bujpkvs Ada, 23, 342 (1957) 

0 C Long Bwchem J , 59, 322 (1955) 

30S S Cohen, J Biol Chem , 201, 71 (1953) 

«J O Larapen / Biol CAcm , 201. 999 (1953) 

«V Ginsburg ct al , Proc ^^atl Acad 42, 333 0056), J Biol Chcm,2Z3, 
977 (I95G) 
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D-Ribulose-5-phosphate is a key intermediate in the pentose phosphate 
pathway the action of the widely distributed enzjme ribose-5- 

phosphate isomerase,® it is eon\erted to n-ribose-S-phosphate, at equilib- 
rium, the ratio of ketose to aldose is about 1 3 The similarity of this 
reaction to those catalyzed bj phosphohexoisomerase (p 460) and bj 
triose phosphate isomerase (p 469) is readily apparent Ribose-5- 
phosphate is con\erted to nbosc-l-phosphate in the presence of phospho- 
glucomutase, which thus e'<hibits “phosphoribomutase” activity Riboee- 
1,5-diphosphate is a cofactor, and acts in a manner analogous to that 
of glucose-1, 6-diphosphate in the enzjmic intcrcon\ersion of glucose-6- 
phosphate and glucose-l-phosphate (cf p 461) As will be seen in 
Chapter 35, the incorporation of ribosyl units into ribonucleic acids 
invohes the participation of nbose-5-phosphate or of ribose-1-phosphate 
Another important reaction undergone bj ribulose-5-phosphate is its 
isomerization to D-\ylulose-5-phosphate by an cnzjrac (phosphoketo- 
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pentoepimerasc or xylulosc-S-pho'^phate isomerase) found in animal and 
plant tissues and in microorganisms, at equilibrium (pH 7 5, 37® C), the 
ratio of xylulose-5-phosphate to ribulose-5-phosphnte is about 14® 

In plants, ribuIose-5-phosphate is also converted to D-ribulose-1,5- 
diphosphatc through phosphorjhtion b> ATP, in a reaction catalyzed 
b> the enzyme "phosphoribulokinasc Of particular importance to the 
photos>ntlicsis of carboh>drates is the enzymic clea\age of ribulose-1,5- 
dipho^phate b> the addition of CO 2 and the formation of 2 molecules of 
D-3-phospliogI> ceric acid Tlie cnz>mc sjstem responsible for this 


bB L Horccker ct al J Biol Chem , 193, 371, 3S3 (1951), B Axelrod and 
R Jane tbit/, 209, 81" (195-1) 

op A Srcrc et al , Arch Biochcm and Btopkys , 59, 535 (1955) J Hurwitr and 
B L Horccker, J Biol Chem, 223, 993 (1056), F Dickens and D H tVilIiamson 
Biochcm J , 61, 5G7 (1956) G A^liwcll and J Hickman, J Biol Chem, 226, 65 
(1957) 

’J R Quajle et nl . 7 Am Chem Soc, 76, 3610 (1951), B L Horccker et al 
J Biol Chem, 210, 769 785 (19oC) 
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In the operation of tlic pentose phosphate path'R ay, the transketolase- 
catalyzed reaction between xylulosc-5-phosphatc and nbose-5 -phosphate 
IS of special importance The products are 0-sedoheptuIose-7-phos- 
phate*® and D'gl>ccraldeh>dc-3-phosphate Scdohcptulose and the 
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isomeric inannohcptulosc arc 7-carbon sugars found in plant materials 
(p 409), and sedohcptulosc phosphate is an intermediate m photo- 
sjnthesia (p 551} Both scdoheptulose-7-phosphate and fructosc-6- 
phosphate can eerie as donors of a keto! group in reactions catalyzed 
by transketolase , these compounds ha\c the same configuration about 
carbon 3 as does xjlulose-5-pliosphatc 
In the presence of gl> ceraldchydc-3-phosphate, the heptulose phosphate 
is cleaned bj the enzjine transaldolase** m such a manner that the 
dihj droxj acetone portion is transferred to the tnose phosphate This 
enzjrae (purified from jeast and identified m plant and animal tissues) 
appears to be specific for scdohcptu!ose-7-phosphate and fructose-6- 
phosphatc as donors of the dihjdroxj acetone group, and for glyceralde- 

iBB L Horeeker et al , J Biol CAem, 205, 661 (1853), 223, 1009 (1956) 

L Horcckcr and P Z Sm>raJOtis, J Biol Chem, 212, 811 (1955), C E 
Ballou ctal,/ Am Chem 5oc , 77, 5967 (1955) 
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higher animals, ribose is utilized preferentially, although xylose also is 
metabolized, arabinose and xjlose are frequently found m the urine after 
the ingestion of large quantities of fruits or berries 

Conversion of Pentose Phosphate to Hexose Phosphate Although 
the reactions linking gIucoso-6-phosphate and the pentose phosphates 
are re\ersible, the o\er-all equilibrium is far m the direction of the 
latter, and the re\ersal of the process requires the expenditure of energy 
A different route is a\ailable for the conversion of pentose phosphate to 
hexose phosphate, thus completing a cjclic patlway (cf p 531) The 
resynthesis of hexose phosphate is initiated by the cleavage of xjlulose-5- 
phosphate b^ the widely distributed cnz>me transketolase,^® which has 
been cr> stallized from j east As its name suggests, this enzj me catalj zes 
the transfer of a ketol group ( — COCH 2 OH) from xj lulose-5-phosphate 
(it was first thought that ribulose*5-phosphate is a substrate) to a suit- 
able acceptor aldehjde A varietj of aldehydes, including nbose-5- 
phosphate, can serve as reaction partners, others are glyceraldehyde- 
3-pliosphate, glyceraldehydc, and glycolaldehjde The t>pe reaction 
catalyzed by transketolase is shown The crystalline enzyme contains 

CH2OH CH2OH 

i=0 CHO CHO (!>=0 
Hein i Hoin 

i i' 

thiamine pyrophosphate (TPP), which is essential (m addition to Mg*+) 
for activity This suggests that, in the action of transketolase, an 
“active gl> colaldehj de” may be bound to TPP, in analogj to the postu- 
lated mechanism of decarboxylation of pyruvate by yeast carboxylase 
(cf p 475) Whereas transketolase docs not decarboxjlate p>ruvate, 
it catalyzes the decarboxylation of hydroxvpjruvate (HOCHoCOCOO"), 
if a suitable aldehyde is present to accept the ketol group Thus the 
combined action of carboxylase and of transketolase converts hydroxy- 
pyruvate to the 4-carbon koto sugar erjtlirulose and CO 2 Hjdroxy- 
pjruvate may arise in metabolism b> several enzjmic processes, such 
as the dehydrogenation of glycerate, or the deamination of serine 


2HOCH2COCOOH • 

Hydroxypyruvic acid 


OH 

( 

• HOCH2COGHCH2OH -f 2CO2 

Eiythruloae 


L Horecker et al , J Biol Chem , 205, 661 (10a3), G de la Haba et i 
ibid 214, 409 (1955) 

Dickens and D H Williamsoa Nature, 178, 1349 (1956) 
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Hexose-P + 02“^ Pentose-P + CO2 4- HgO 
2 Pentose-P Hexose-P 4* tetrose-P 


Pentose-P 4- O2 Tetrose-P 4* COo 4* H2O 

However, the tetrose phosphate does not accumulate, and it has been 
inferred that transkctolase catalyzes a reaction between erythroiie-4- 
phosphate and another molecule of xjlulose-5-phosphate to fonn 
g]ycerajdehjdc-3-phosphate and an additional fructose-6-phosphate In 
this case, the over-all process is 

2 Pentose-P + 0^ Hcxosc-P 4- triose-P -f CO2 4- H2O 

In the scheme given in Fig 2, provision is also made for the isomerization 
of gIjceraldeliyde-3-phosphate to dihydroxyacetone phosphate (cf p 
469), followed by the enzjmic condensation of the two trioses to form 
fructose-1, G-diphosphatc, which is hjdrolyzed by the specific fructose 
diphosphatase to give another molecule of fructose-6-phosphate The 
reactions m Fig 2 may therefore be summarized as follows 

6 Hevoso-P + G 0> 6 Pentose-P 4- 6 CO2 + 6 H2O 

4 Pentose-P 2 Hexose-P 4- 2 tetrose-P 
^ C 2 Pentose-P + 2 tetrose-P 2 He\ose-P -f 2 tnose-P 
2 Tnose-P + HgO Hexosc-P 4- phosphate 


Hexose-P + 6 O2 6 CO2 4* 5 H2O + phosphate 

The stoichiometry of the complete cycle indicates that lor ever> 6 
glucose molecules that enter via gluco$e-6-phosphate, 6 molecules of 
CO2 are produced Thus the scheme provides a mechanism for the total 
oxidation of a glucose molecule to CO2, at each oxidative decarboxjla- 
tion, carbon 1 of the hexose is converted to COo, and, as the other glucose 
carbons pass through the cycle, they are successivelj transformed into 
carbon 1 of fructose-6-phosphatc, and subsequently remov ed by oxidativ e 
decnrbD\’y}jitwn 

The validity of the formulation of the pentose phosphate cjcle is 
supported b> isotope experiments of Horecker et al w’ho incubated 
preparations of rat liver or of pea tissues with nbose-l-G^^, isolated 
glucose-6-phosphate from the mixture, and determined the distribution 
of among the carbon atoms of the hexose The finding that tlie 
isotope was predominantly located m carbons 1 and 3 of glucose, and 

iflB L Horecker ct al, / Bwl Chem^ 207, 393 (1954), M Gibbs and B L 
Horecker tbid , 200, 813 0954) 
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hjde-3-phosphate, D-erjthrosc-4-phosphate, and nbose-5-phospliate as 
acceptors Since no cofactors appear to be required for the action of 
purified transaldolase, it has been suggested that an enzyme-dih>droxy- 
acetone complex is formed (cf p 469), and that the triose group is then 
transferred to the acceptor aldclnde 
A different type of clea\age of \jlulose-5-phosphate occurs m Lacto- 
bacillus ‘pentosus (grown on L-arabmofeC or n-xylose) winch leads to the 
formation of acetjl phosphate and a triosc phosphate In this reaction, 



rig 2 Enrjme-c‘itil\ rod reactions of the pentose phosphate pathway 


which requires tlic presence of TPP, a phoephoroljsis of the pentose 
pliospUatc occurs, with the cowtersion of the kctol group of x>lulose- 
5-pho«p]iatc to acettl phosphate An analogous reaction, in which fruc- 

Xjlulosc*5-phosp!ntc + phosphate 

Acctjl pho'plnte + tno«c phosphate 

tose-C-phoephate is cleat cd h\ pho‘‘j>horo!\ sis to jield acctjl phosphate 
and cr>thro«e-4'pho«ph'itc, i** cffcctul h> an enzjinc preparation from 
\cetobactcr xylinum 

It will be recallc<l that fnicto-c-C-plio'-phatc i" con\crted to glucose-G- 
pho«phatc b> tlic action of pho'^phohexoisoincra'C, thus completing the 
ctclc in the pento'C pho-phatc pathwa\ (cf Iig 2) In the reactions 
discus'*! d thus far, the net rc‘-u!t of the nitlabohsni of glucove-G-phoephatc 
\ia this pathwn\ i® 

«r C Hc-vUiflal J Dwl Chem 231,1009 IKll (105S) 

«M Schrnmm cl 111 , / Biol CArm , 233, 12S3 (lOiS) 
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valuable data“ on the fraction of glucose oxidized to COg via the tiso 
pathways, but the unequivocal interpretation of the results is made 
difficult by the many reactions that can lead to redistnbution of the 
isotope (see "Wood"^) Although the pentose phosphate pathway appears 
to occupy a subsidiary place m the total glucose metabolism of mam- 
malian liver, its occurrence there is indicated by the finding^* that the 
incubation of liver slices with glucose-2-C^^, or the administration of 
this compound to intact rats, gives rise to glycogen labeled more exten- 
sively m carbon 1 than m carbon 6 of the glucosjl units, in the pentose 
phosphate pathvvaj, the glucose-2-C*^ may be expected to give pentose- 
l-C*'*-phosphate, which would be converted to hexose as discussed above 
It is probable that m some mammalian cells and tissues tlie pentose 
phosphate pathway may be of greater significance than the glycoljiic 
route This appears to be the situation in lactatmg mammary glands, 
leucocjtes, and adrenal cortex-^ 

Another aspect of the metabolic role of the pentose phosphate pathway 
IS the question whether the n-ribosyl units of ribonucleic acids arise 
directly from glucose by loss of carbon 1 of the hexose, and utilization 
of the pentose phosphate without further cleavage of the carbon chain 
Although this appears to be a major pathway m Eschenchia it is 
probably less significant in animal tissues Bernstein®^ has found that 
the administration of isotopic precursors to chicks gives a pattern of 

CHO 

CHO (!:H2 

i CHO T 

HCOH + I HCOH 

I CHj I 

CHjOPOjHz HCOH 

CHaOPOsHz 

2-Peox> i>'ribo««'&-pbospbjit« 

labeling m the ribosc of nucleic acids best explained m terms of the 
condensation of a Co unit and a C3 unit For example, the pentosc-5- 
phosphate may arise by the transKetolase-cataly zed transfer of a ketol 
group from fructose-6-phosphate to gIjceraldchjde-3-phosphate In this 
22B Bloom and D StPttfn, Jr, ^ Biol Ckem, 212, S55 (1955), J A Muntz and 
J R Murph> tbid , 224, 971 (1957) 

23 H G Wood Physiol /?ct»,35, 841 (1955) 

24 B Bloom et al, J Biol Chem , 215, 461 (1D55), 222, 301 (1956) 

25S Abraham et al, J Btol Chem, 211, 31 (1054). R V Coxon and R J 
Robim'on Ptoc Roy Soc, 145B, 232 (1956) 

2flM C banning and S S Cohen, J Biol Chem, 207, 193 (1954), I A 
Bem.<itcm ibid, 221, 873 (1956) 

A Bcm^ein, y Biol CAcm , 205, 317 (1053) 
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that the specific radioactivitj of carbon 1 was about three times that of 
carbon 3 was interpreted as follows In reaction (1), the successi\e 
action of transketolase (TK) and transaldolase (TA) produces fructose- 
6-phosphate equallj labeled m carbons 1 and 3 In reaction (2), 
fructose-6-phosphate labeled onl> in carbon 1 is produced from erjthrose- 
4-phosphate and an additional pentose phosphate, thus largelj accounting 
for the unequal labeling of carbons 1 and 3 of the hexose phosphate 
isolated In reactions (1) and (2), the labeled carbons are denoted C* 

(1) 2[C*-C-C-C-CJ ^ [C*-C-C*-C-C-C-C] + [C-C-CJ ^ 

1C‘-C-C*-C-C-CI + [C-C-C-CJ 

(2) [C*-C-C-C-CI + (C-C-C-C) ^ [C*-C-C-C-C-CJ + [C-C-CJ 

Significance of the Pentose Phosphate Pathway Although the en- 
zymes of the pentose phosphate pathwa> have been identified in \anous 
phnt and animal tissues, and the labeling data discussed abo\e are in 
accord with the operation of the cycle as outlined in Fig 2, it is not 
possible at present to assess the quantitati\e importance of this 0 Mdati\e 
pathwa> in relation to the Embden-Me> erhof gljcoljtic pathway and 
the citric acid cjcle There is c\idence that the pentose phosphate 
pathway ma> be the more significant one in some plant tissues, especially 
leaves several intermediates of the pathwa> are acti\el> metabolized 
and increase the oxjgen uptake of leaf preparations Since FFN"*" is 
LS&cntial for the operation of the pathway, and its le\el is usually much 
lower than that of DPN"^, the rclatne importance of the pentose phos- 
phate ejele ma> be influenced bj aariations m the TPN+ content of a 
tissue 

Efforts to (Ictcrraine the significance of the pentose phosphate pathway 
in the oxidation of glucose bj animal tissues ha\e indicated that in 
muscle the Embdtn-Mejerhof pathwaj {supplemented bj the citric 
acid cjcle) is the exclusive route, and that in liver about 90 per cent of 
the glucose metabolized is converted bj reactions of the gljcoljtic path- 
waj Most of these studies are based on measurement of differences 
in the rate of libcrition of C^^O_ from glucose-l-C*'* and from glucose- 
G-Ci-* A comparison of the two pathwajs will show that in the 
gljcoljtic route carbons 1 and G of glucose are both converted to the 
mcthjl carbon of pjruvic acid (cf p 468) and are therefore metabolized 
in the same manner, whereas in the pentose phosphate pathwaj carbons 
1 and C of glucose are handled diffcrentlj This approach has jieldcd 

20 B Axelrod and II Beevers Ann Rev Plant Physiol, 7, 207 (1956) 

21 J Katz et al J Biol Chem , 21-1, 833 (1935), J Ashmore et al , xbid , 220, 
C19 (1956), 22t, 225 (19o7) 
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ethanol, and CO2 It had been assumed that the glycolytic pathway 
was followed m this conversion and that, per mole of glucose, 1 mole of 
pyruvate \s as reduced to lactate, the other being oxidized to ethanol and 
CO2 If this were the case, the CO2 should ha\e been derived from 
carbons 3 and 4 of glucose, but it Tvas found to have come from carbon 1, 
the carbmol carbon of ethanol and the carboxjl carbon of lactate T\cre 
derived from carbons 3 and 4, aa shoivn In the light of the preiioua 

C~-C— C-C-C-C CO2 + CH3CH2OH + HOOCCHOHCHa 

discussion, it ^ould appear that glucose had been converted, via the 
pentose phosphate pathway, to CO^ and xjlulose-5-phosphate, which 
was then cleaved to Co and C3 fragments (cf p 531) It is clear 
therefore that this hctcrolactic fermentation, although giving products 
whose formation might be interpreted m terms of the gl>colytic pathwa>, 
actually follows a different route 

An alternative pathway present m Pseudomonas fittorescens and some 
other bacteria involves the oxidation of gluconic acid to 2-keto-D- 
gluconic acid, which is phosphorylated bj ATP to form 2-ket0'6- 
phoaphogluconic acid, cleavage of this product eventually also juelda 
2 molecules of pjruvate^^ In some strains of Acetobacter, 5-ketO'D- 
gluconic acid is formed in addition to the 2-keto acid, in Acetobacter 
melanogenum, gluco<e is oxidized via gluconic acid and 2-ketogluconJc 
acid to 2,5-diketogluconic acid, which is further oxidized to o-ketoglutanc 
acid 

The oxidation of o-galactose by Pseudomonas saccharophtla also ap- 
pears to involve the intermediate formation of hexonic acids, enzjines 
have been identified for the conversion of the hexose to 2-kcto-3-dcoxy- 
D-galactomc acid v la n-galaetonolactone and n-galactonic acid In the 
presence of ATP, the keto acid is cleaved to pjruvic acid and gljceralde- 
hyde-3“phosphate 

It has been suggested that a 2-ketohexonic acid ma> be cleaved m 
plant tissues bj an aldolase-hkc enzyme to form hjdroxypjruvic acid 
(p 529) Since a DPN-spcrific gl>ccric dehydrogenase is known to 
reduce the latter compound to n-gljccnc acid,^° such a cleavage would 
provide a possible route for the formation of glyceric acid, which is 
present in appreciable amount^ m some plants 

«3S A Narrod and W A Wood, J Biol Chem, 220, 45 (1056), J DeUy, 
Biochim cl Biophps Acta, 23, 302 (1954) 

Kulka and T K TValkcr, Arch Biockem and Btopkpf, 50, 169 (1954), 
H Katznelson et al / Bwl Cbent, 204, 43 (1953), Nature, 179, 153 (1057) 

35 J DeLc> and M Doudoroff, J Btol Ckcm , 227, 745 (1957) 

A StaGord ct a!, / Biol Chem, 207, 621 (1954) 
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connection, it is of interest that a ^idelj distributed enz>me sjstcm 
cataljzes the reaction between acetaldchjdc and glyceraldch>de-3- 
phosphate to form deoxjribosc-5-phosphate,-® the mechanism of this 
reaction (p 534) has not been elucidated 


Other Pathways of Glucose Oxidation 

In addition to the glycolj sis-citnc acid cjcle and pentose phosphate 
pathways, which represent the two known pathways of glucose break- 
down in animal tissues, other routes have been identified in some 
microorganisms 2'' One of these involves the conv'ersion of 6-phospho- 
gluconate (here formed by phosphorylation of gluconic acid by ATP) 
to 2-keto-3-deoxy-6-pho6phogluconatc by an enzyme system discovered 
by Entner and Doudoroff This reaction, which is of major importance 
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Gluconic acid 



6 -PhosphogIuconic 
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COOH 
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COOH 
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C*“0 
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HCOH 
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— HCOH 

1 

CHjOPOjHz 

1 

CH 2 OPO 3 H 2 


2-K«to>3-il«ox)r-&> 
pbo*plH>clueoiiic acid 


in Pseudomonas fluorescens, requires the presence of Fc2+ and glutathione 
(or cysteine) The hexosc chain is then cleaved to form pyruvate and 
glyceraldehyde-3-phosphatc by an aldolasc-likc reaction Since the 
tnosc phosphate is converted to pyruvate, the net process is the same 
as m the Erabden-Meyerliof pathway, but the mechanism is entirely 
different Whereas the carboxyl group of pyruvate formed by' glycolysis 
IS derived from carbons 3 and 4 of glucose (p 468), in the "Entncr- 
Doudoroff” fermentation the carboxyl carbon of half the pyruvate 
formed is derived from carbon 1 of glucose’^ 

In this connection it is of interest to mention studies on the “hetcro- 
lactic” fermentation of C^'*-labcled gluco-'C by Leuconostoc me^enter- 
oides;^- here 1 mole of glucose is converted to 1 mole each of lactic acid, 

28 E Rackcr, J Btol Chem 196, 347 (19o2) 

22 1 C Gun«afus ct al Bact Rets J9, 79 (1955) 

N Entner and M DoitdorofT J Btol Chem 196, 853 (1052) , J MacGee and 
M Doudoroff, xbtd , 210, 617 (19M), R Ivo%BchcMch and W A IVood ibtd 
213, 745 757 (1955) 

81 M Gilibs and R D DeMo«.^ J Btol Chem 207, 689 (1954) 

82 I C Gun«'iluq and M Gibbs J Btol Chem 194, 871 (1952) 
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UDP-glucuronic acid is that of an o-g!ycoside If this is so, an mvcrwa 
of configuration occurs in the biosynthesis of the jS-glucuronidcs 

Little IS known at present about the mode of formation of ngalac 
turonic acid, but the possibility exists that this compound may be formed 
by Walden inversion about carbon 4 of the glucuronic acid portion of 
UDP-glucuiomc acid, as in the transformation of UDPG to LDP 
galactose {p 404) 

Aside from tlicir incorporation into polysaccharides, the uronic aeidi 
can undergo decarbo \5 lation to form pentoses An example is the prob 
able conversion b\ fruit tissues of D-galacturonic acid to L-arabinose,^^ 
these two sugars are components of pectin (p 423) Similarlj, the 
D-xylo&c of \yian appears to be denied from D-glucuronic acid by lo's 
of carbon 6 
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Aldonic acids occur as intermediates m the breakdown of pentoses ^ 
some raicroorgamsras Thus L-arabinose and D-arabinose are oxiduec 
by Pseudomonas saccharophila \ia arabonic acid 
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In the course of his extensile studies on the products of mold metab 
ohsm, Raistrick^^ showed that a strain of PeniciUmm converts 
to a group of substances related to tetronic acid, including y-metb>l* 


^iC G SccgroiHer et al. / Biot Chem, 217, 765 <1955) . 

«R ^Uimliorg and M Doudoroflf. J Biol Ckem, 217, 607 (1955), N •» 
P'\U<'rom and M Doudoroff ibtd, 223, 499 (1956) 

I’aistnck. Proc Roy Soc . I36B, 48l (1919) 
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In addition to the metabolic oxidation of gluconic acid at caibon 2, 
enzjmic mechanisms appear to be present in some biological sj stems for 
a similar oxidation of glucose to glucosonc (formed chemically by acid 
hydrolysis of glucosazone) 



D'OIucose D-Glucosone 


Metabolism of Uronic Acids It was seen earlier that n-glucuronic 
acid and n-gnlacturomc acid are important constituents of many pol>- 
saccharides (cf p 424) The a\ailable data clearly point to the con- 
\ersion of glucose to glucuronic acid in animal tissues bj a mechanism 
that docs not imoKo fragmentation of the hexosc chain,®® and to the 
fact that the oxidation is effected b> a DPN-dependent dehydrogenase 
acting on UDPG (cf p 467) Thus tlie con\ersion of glucose to glucu- 
ronic acid ma> be formulated glucose-^ glucosc-6-phosphate-> glucosc- 
l-phosphate-»UDP-gIucosc“» UDP-glucuromc acid glucuronic acid 
Many aromatic compounds arc excreted in the unne of man and 
animals as dernatnes of o-glucuronic acid, these conjugates (glucuro- 
nides) arc of two tjpes alcohols and phenols gi\c rise to jS*gI> cosides, 
and some carboxylic acids are conjugated as /J-acylal compounds 



Such dernatnes are formed in the Incr b\ the reaction of UDP- 
gluciiromc acid with the agljcone^® This en^^mlc process is an impor- 
tant phjsiological mechanism for the "detoxication” of manj, drugs It 
is assumed that, as with UDPG, the configuration about carbon 1 of 

SIR C Bean and W Z Hassid, Science 121, 171 (IOdO) 
asp Ei«en!)erg and S Gunn, J Biol Chem , 193, 317 (1952), F Eisenberg 
xhid 212, 601 (1955) 

S Teague Adianccx m Carbohydrate Chem, 9, 1S5 (1954) 

^'*1 D E Store% and G J Dutton Biochcm J 59, 279 (19o5), Iv J Isscibacher 
and J Axelrod J Am Chem Soc, 77, 1070 (lOaS) 



540 


GENERAL BIOCHEMISTRY 


(6) 

CH 2 OH 

(5) 

cai 

(4) 

j 

HOCH 

(3) ( 

j 

) HCOH 

(2) 

1 

HOCH 

(1) 

j 

CHOH 


0*Glucow 


O c I 

CK I 

I 9 

HOCH 

I 

HC ' 

I 

HOCH 

I 

CHOH 


tHGtucurono* 

•y-laclooe 


CH2OH 
' CH 


HCOH 

I 

HOCH 

I 

CHOH 

D'GiJictoie 


o c— I 

HOCH I 

J 9 

HCXIH 
HC ' 

I 

HOCH 

I 

CHjOH 

t>C«laetono« 

Y^lactAne 




0=C 

I 

HOCH 


HOCH 

I 

Hr 1 


HOCH 

I 

CH2OH 

{.'■Gulano' 

■y-Jjctone 


0=C-] 

(1) 

HOC 

£2) 

II 0 


HOC I 

(3) 

HC — ' 

m 

j 

HOCH 

(» 

j 

CH 2 OH 

(6) 


L'Asmbie and 


Fig 3 Bjos>nthesi5 of t“'i«<.orbicocid from D-gluco^e aod D>gahctosw 


Formof/on of L-Xylwlose In the clinical condition knou n as pentosuria, 
human beings excrete abnorraallj large amounts of a de\trorotator> 
pentose identified as L-xyluiose This compound appears to arise by 
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decarboxylation of L-guIonie acid, which is derned from n-glucu- 
ronolactone Mammalian Ii\er contains a DPN-dcpendcnfc dehydro- 
genase that catalyzes the oxidation of the pcntalijdric alcohol \jlitol 

<9 0 Touster et nl J Bml Chem , 215, 057 (1955), Biochim et Biophye Acta, 
25, lOG (1957), J J Bums et ol , tbtd, 25, W7 (1957) 
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tetronic 'icid and carohc acid Although these substances resemble the 
lactones of pcntonic icids, no infonnation is a\ailablc about the mode 
of their biosynthesis 
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Biosynthesis of Ascorbic Acid Tlic Mtamin L-ascorbic acid (p 306) 
IS derived from D-gliicose in the rat and m plant tissues by a sequence 
of enzy mic conv crsions in hicli the Iicxo^c carbon chain remains intact 
However, the administr ition of gluco?c-l-C*-* to rats gave rise to ascorbic 
acid labeled in carbon C This reinarkalilc transformation^'^ involves the 
sequence of reictions shown in Fig 3 It will be seen tint n-glucosc is 
converted to n-glucuronol ictone, which is reduced to the lactone of an 
nldonic acid (L-gulonic acid) whose configur ition is the same is timt of 
L-gulosC (cf p 404), the numbering of the carbon atoms now beginning 
with the carboxyl carbon Oxidation of tins hetone gives i -ascorbic 
acid, which can also ari«c bv oxidation of L-galactono-ylactonc, derived 
from n-galactosc via D-galacturomc acid The cnzvmcs responsible for 
these conversions liavc not been characterized, but it appears likely that 
tlio reduction of the licxuronie acids to gulonolactonc or g ilactonohctonc 
IS cITcctcd by a pyridine nuclcotido-dcptndcnt ddiy drogenaso Altliough 
the pathway outlined in Fig 3 apjic ir^ to occur in some jilants (c g , pea 
seedlings). It is uncertain whether it applies to others (e g , strawberry ) 
The enzvinic formation of ascorbic acid from glucuronohctone has 
been dimonstratcd with liver prcpiritions from several animals (rat, 
mouse, dog, rabbit), this conversion does not occur m the liver of the 
guinea pig, which requires a dietary source of the vitamin (cf Chapter 
39), and m which the formation of a'-corbic and from i -gulonolactonc 

appears to be blocked Ascorbic acid is oxidized in animal tissues, 

with CO 2 and oxalic acid n« pro<lucts 

Mnp-on ] ilnmirw ant! JlvTmanci 13, 71 (1955) 

<-*11 n Ilorowit* cl nl J lUot Chtm 199, 113 (1952), J J Bums and 
J H Mo Inch thk/, 221, 107 (Ii>C) 

A I-'hcrwocKl rt al , Ihochrm J 5<», 1, 21 (1151) L \V Map«on and 

h A lohrrwocxi thid 6 1, 13 (19 j 0), J J Bums nnd C Is'in* J liiol Chrm 2‘»3 

(1950) 

\ Ix>.vm«etakJ Hwl Chem 222, CH (lijG) llinchm cl thnphvs Actn 
23,200 (1157) J DmI C/ir m , 232, W 521 533 (195.a) 

M ul Ila>«an am! A L I/chnincrr J fliol Chrm^ 223, 121 (1150) J J Bum*' 
etfiUSnmfc, 121 IMS (HM) , A ofurc, IBO 553(19.7) 
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drate, and that the dehydration of dehjdroquinic acid is catalyzed bj 
the enzyme “5-dehydroquinase These metabolic relationships ate 
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Fig 4 Biosynthesis of qmntc acid and ^hikimic acid from glucose 

summarized m Fig 4 The further conversion of shikimic acid to 
aromatic amino acids is discussed in Chapter 32 


o 

II 

CH 

II II 

H(L X. 

CHsOH 


KojicaCMl 

Some molds and bacteria {Aspergillus, Acetobacter) convert glucose 
to kojic acid®® (5-hydroxy-2-bydro'^mcth>l-y-pyrone) largely without 
Mitauhaahi and B D Da\is, Btoektm et Biophys Acln, 15, 64 (1964) 

59 A BeShk, Advances tn Carbohydrate Chem , 11, 145 (1956) 
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to D-\}Iulose, and a different TPN-depcndent enzjme for the inter- 
com ersion of \ylitol and L-xjlulose®® It seems, therefore, that m 
pentosuric subjects the normal metabolism of n-vjlulose (or its 5-phos- 
phate) \ia hcxose-6-phosphate (cf p 531) is blocked, this leads to an 
accumulation and excretion of L-xylulose Mammalian li\er can effect 
the phosphorylation (by ATP) of D-xylulose to D-\ylulose-5-phosphate 
Formation of Cyclic Compounds from Glucose Some plants contain 
relatuelj large amounts of the compound qumic acid (first isolated 
from cinchona bark in about 1800) , its structure is l,3,4,5-tetrah5 droxj - 
cyclohe\ane-l-carboxjlic acid A closelj related substance, shikimic 
acid (3,4,5-trih>droxj-A-l,6-c>clohc\ene-l-carboxylic acid) is less \\idel> 
distributed in nature Through studies with bacterial mutants, Da\is®- 
has shown that shikimic acid is an intermediate in the biosjmthesis of 
aromatic compounds from glucose in Eschencha coh, this applies to 
other microorganisms,®^ and to higher plants Experiments on the 
utilization of labeled glucose for the bios>nthcsis of shikimic acid (in a 
mutant of E coh that accumulates shikimic acid because its further 
con\ ersion is blocked) indicated that it is derived from 2-keto-3-deoxy- 
7-phospho-D-glucoheptonic acid, as shown in Fig 4 This 7-carbon sugar 
acid arises from d erj throse-4-pho&phatc and phosphoenoipjruvic acid, 
and IS quantitativelj converted (b> extracts of an appropriate mutant) 
to 5-deIijdroshikimic acid (Fig 4)” The pattern of labeling of the 
shikimic acid isolated in the isotope experiments is consistent with 
the view that the tetrosc pliosphate had arisen from glucose via the 
pentose phosphate pathwa>, and tint the phosphoenolpjnivate came 
from glucose bj gljcoljsis according to tlic Embden-AIejerhof scheme 
The conversion of dehjdroshikimic acid to shikimic acid is effected 
by a TPN-specific dehjdrogcnase (“dehjdroshikimic reductase’') present 
m bacteria, yeast, and higher plants, but absent from animal tissues 
Quinic acid probablj arises by a similar reduction of the corresponding 
5-deh> droquinic acid, the dehjdrogcnase that cataljzes this reaction has 
been found in Aerobacter, but not in E coh, and is DPN-specific ” The 
studies of Davis have shown that, in E coh, 5-dehjdroqumic acid is an 
intermediate in the sjnthesis of 5-dchjdroshikimic acid from carbohj- 

50 0 Tou«tcr et al , 7 Biol Chem , 221 , 697 (1936) , S Hollraann and 0 Touster 
tbtd,225, 87 (1957) 

5*J Hickman and G Ashwell, 7 Am Chtm Soc, 78, 6209 (1956) 

52B D DaMs 7 Btol Chem , 191, Z15 {1951} , Ifartcy Lectures, 50, 230 (1956) 
63 E L Tatum et al Proc Natl Acad Set 40, 271 (1954) 

A Brow-n and A C JscJ-h Nature, 175 , CSS (1955) 

®''P It Srmi\asan et al , 7 Biol Chem 220 , 477 223 , 913 (1956) 

5511 \nnn and C Gilvnrg 7 Btol Chem, 213, 7S7 (1955) 

5’S Mitsuliasiu and B D Davis, BtocAtm et Biophys Acta, 15, 268 (1954) 



544 


GENERAL BIOCHEMISTRY 


by higher plants has been demonstrated, this transformation probably 
IS also effected by some mammalian tissues Isotope experiments on the 
conversion of C^-^-Ubcled glucose to myo-inositol by yeast indicate that 
a direct cyclization of the hexose does not occur, and that inositol is 
formed by the condensation of fragments derived from the breakdown 
of glucose®^ Fischer”* has suggested that inositol is an intermediate 
between carbohydrates and aromatic substances, this implies a metabolic 
relation of inositol to shikimic acid 


OH OH OH O 



A/>o-inositol 2>Keto-m>o-motitol 


ilTyo-inositol is con\crtcd to glucuronic acid by an enzyme system 
present in rat kidney,”'’ and is metabolized by bacteria (^cefobac^cr) 
to > leld a tnosc, CO™ , and water In the microbial breakdown of inositol, 
the initial attack invoh cs the action of a DPN-dependent dehydrogenase 
to form 2-keto-mvo*inositol, the interesting specificity of this enzyme 
has been established by Magasamk 

03 F C Charalampous, J Btol Chem, 22S, 505 (1957) 

0-* H 0 L Fischei Ilarvcy Lectures, 40, 156 (1945) 

00 r C Charalampou<i and C L>ras J Btol Chem, 228, 1 (1957) 

08 B Magasanik, m S Graff Essays xn Biochcmtslry, John Wile> 4. Sons, New 
York 1956 
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clea\agc of the carbon chain, although a secondarj pathway mvohing the 
condensation of C 3 units is also suggebted by isotope studies Kojic acid 
appears to arise from some pentoses (n-nbose, D-xylose) by prior con- 
\ersion to hexoses \ia the transkctolase and transaldolase reactions A 
number of y-pj rones atructurallj related to kojic acid ha\e been isolated 
from plants 


Metabolic Reduction of Hexoses 

Among the hexahydric alcohols related to the naturallj occurring 
hexoses, o-mannitol is of special interest because of its wide distribution 
among fungi, algae, and higher plants, m some organisms it appears to 
ser^e as a rcser\e carbohydrate Although little is known about its 
metabolism, a dehjdrogenase present m Eschenchta coh has been found 
to catalyze the oxidation of mannitol-l-phosphate by DPN+ to form 
fructose- 6 -phosphate,°* this suggests a route of mannitol formation and 

CH 2 OH 

Hoin 
Hoin 

HioH + DPN+ 

HioH 

injOPOaHo 

Mannitol 1 phosphate 

of its fermentation by bacteria The conxersion of n-sorbitol to L-sorbose 
(p 410) by Acetobacter suboxydans is of industrial importance, since the 
ketose IS a \aluable starting material in the chemical synthesis of 
L-ascorbic acid Animal tissues (li\er) also contain dehjdrogenase 
actuitj toward hexahydric alcohols, but this appears to be limited to 
nonphosphorj lated compounds such as D-sorbitol, which is conaerted 
to glucose, D-mannitol is not oxidized 

It IS probable that the cjclic hexahjdnc inositols (p 412) also are 
den\ed from glucose, but little is known about the metabolic reactions 
in\ohed The con\ersion of glucose to inositol b> microorganisms and 

COH R V Arastem and R Bentlej, Biockem J , 5t, 508, 517 (1953) 62, 

403 (19oG) 

cij B tVolfT and N 0 Kaplan / Btol Chem , 218, 849 (1950) 

C2J McCorkmdalo and N L Ed^on, RiocAem J, 57, 518 (1951) 
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The decisive role of photosynthesis m nature may be said to ha\e been 
discovered dunng the latter part of the eighteenth century, after the 
studies of Priestley and his contemporaries on the composition of the air 
Hovvever, early m the seventeenth century van Helmont recognized that 
the soil ^^as not the principal source of the food of green plants, some 
100 years later Stephen Hales demonstrated that this source was the air 
With the discovery of oxygen and the elucidation of the nature of com- 
bustion and of respiration, there arose the question of the mechanisms in 
nature for replenishing the supply of oxygen converted by animals to 
CO 2 and water In a series of simple but brilliant experiments Pnestky 
showed m 1771-1778 that green plants and certain green algae w'ere able 
to reverse the respiratory process and to render air that was rich m CO 2 
but depleted of oxygen capable of supporting combustion and respiration 
anew This discovery was followed by the systematic studies of Jan 
Ingenhousz,* who in 1779 described the role of visible light m the con- 
version of CO 2 to oxygen Some twenty years later, dc Saussurc 
determined the quantitative relations between the CO 2 taken up and the 
O 2 produced, it was also found that, in the dark, green plants, like 
animaU, respire and thus convert oxygen to COo The early inv estigatoH 
associated the phenomenon of CO 2 uptake with the green pigment, which 
was named chlorophjU in 1819 The definitive demonstration of the 
central role of chlorophyll in the absorption of light for photosynthesis 
came from the work of Engelmann in 1880 The elucidation of the 
chemical nature of the chlorophylls is largely due to the work of Will* 
statter and Hans Fischer during the period 1910 to 1940 
For a long time the only recognizable products of the photosynthetic 
process were the monosaccharides glucose and fructo'?c, the disacchande 
sucrose, and the polysaccharides (starch, etc ) which were known to be 
derivatives of glucose For this reason, the process of photosynthesis 
has been written as the reverse of the oxidation of glucose, 1 e , 

6CO3 + 6H2O — + C(jHj 208 "f* 6O2 

As will be seen later in this chapter, the chemical reaction written above 
IS not entirely accurate, since there is good evidence that 12 molecules 
of water are required for the formation of 1 glucose unit, and 6 mole- 
cules of water appear among the products of the reaction 
6CO2 + I2H2O ^ CcHiaOe + 6O2 + 6H2O 

Although the net change is the same m both equations, it is important 
to stress that an essential feature of the photosynthetic process in green 
plants IS a photoreduction in which water serves as the ultimate hydrogen 
donor Hydrogen gas can be used m place of water by some photo* 

S Reed Jan Inoenhtmss, Chronica Botamca Co, "Waltham, 1949 
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Photosynthesis 


In the preceding chapters considerable attention has been de\oted to 
the metabolic pathwajs and energy cliangcs in the oxidation of carbo- 
hjdratcs to CO 2 and ^ater in biological s>stems From the point of 
Mei\ of the maintenance of life on this planet, of even greater importance 
IS the photosynthesis, b> green plants, of carbohydrate from COa and 

comlwtwn 


rttpiftwB ofpUBto 


phototyathwK Carbohydrates of ^ Carbon 

green plants as fbel 


rig 1 The carbon cycle m nature 

water, this process is made possible by the presence of the chlorophjlls 
(magnesium complexes of the pheophytins, p 182) The light energj 
absorbed by these pigments is transformed by chlorophyll-containing 
cells into the chemical energj needed for the sjnthesis of carbohydrates 
The importance of the photosynthetic process in the ov cr-all c> cle of the 
transformations of carbon in nature may be seen from the scheme shown 
in Fig 1 Rahinonitch^ has prepared a comprehensive treatise on photo- 
sjnthesis, valuable monographs are those of Hill and Whittingham= and 
of Franck and Loomis ^ 

1 E I Rabmowitch, Photosynthesis, Intersaence Publishers, New York 1945 
1951 1956 ’ 

2R Hill and C P Whittingham Photosynthesis Methuen and Co London 1955 
3 J Franck and \\ E Loomis, Photosynthesis tn Plants. Iowa State College Press 
Ames 1949 ' 
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may also contribute energy to the photosynthetic process An additional 
possible role of the carotenoids is to protect the cell from destruction b> 
photochemical reactions induced by illuminated chlorophyll® With 



some photosyntlictic microorganisms which contain both phycobilins 
(p 168) and chlorophyll, the waic lengths abvorbed bj the phycobihns are 
more cffectue in photosynthesis, this has been taken to suggest a transfer 
of entrg> from the phycobihns to chlorophyll, which then participates m 
the chemosj nthesis ° 

In the cells of green leaves, the chlorophyll pigments are located in 
numerous disk-shaped structures termed chloroplasts f diameter, ca 5 >i) , 
disintegration of chloroplasts yields particles (grana) in which the pig- 
ments appear to be concentrated In some photosynthetic algae (eg, 
Chlorella) , only one chloroplast is present The blue-green algae and 
the photossj nthctic bacteria do not contain discernible chloroplasts 
An important discovery m the study of the mechanism of photosjn- 
thesis was made by Blackman in 1905 when he found that, under certain 

5M Gnmths et al , Nature, 176, 1211 (1955) 

«L II Blinks, Ann Rev Plant Physiol, 5, 93 (1954) 
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synthetic bactori'v, here no oxjgen is produced during photos 5 Tithesis 

6CO2 + 12H2 -> CoHioOfi + 6H_0 

In an examination of tlic a\ailnble knowledge about the biochemical 
aspects of photosynthesis, consideration may he gi\en first to the energetic 
efficiency of light in promoting this process The chemical energy {aF°) 
required for the synthesis of a mole of glucose from COo and water is 
approximately 690 kcal, and it comes from the radiant energy of aisible 
light (A = 4000 to 7000 A) Tlie emission of light occurs in the form 
of discrete "packets” of \\a\cs, these groups of light wa\es are termed 
photons, and the energy of a photon is equal to the product of its fre- 
quency ( 1 ) and Planck’s constant h (C62x 10"- * erg second) The 
frequency is the reciprocal of the wa\c length (in centimeters) times the 
\elocity of light (3 X 10’® cm per second) The product Ju (or the 
quantum ^aluc) ma\ be expressed in terms of either ergs or calories, 
1 absolute caloric equals 4 184 X 10^ ergs According to Einstein’s law 
of photochemical cquualcnco, a molecule will react onh after it has 
absorbed one photon, licncc, to react, one mole of substance must absorb 
0 024 X 10-'’ (A ) photons m a pliotochemical reaction The total cncrg\ 
of tins number of photons iNht) is termed an Einstein In Table 1 the 
^ahlc of an Einstein (in calorics) is presented for sc\ernl wa\e lengths 
of Msiblc monochromatic light It will be noted that, the shorter the 
w a^ c length, the larger tlic n aluc of the Einstein Each value in the final 
column of the table thus denotes the energy acquired by a mole of 
‘substance if it absorbs completely one Einstein of light of a gi\en wa\e 
length 


Table 1 

Energy Values for Several Wave Lengths of Light 

Quantum \aUic Emstem, 

^\ a\e Ixuigth, A 

Frequency 

of photon (hv), 

cal per 

A 

Cm 

per see, V 

ergs 

mole 

7')00 (red) 

7 -i X 10-' 

4 00X W* 

2 C5 X I0-« 

3^,200 

fi^OOtred) 

C -i X 10"* 

4 5S X 10’< 

3 03 X 10-** 

43,000 

VMX) (jolloa) 

-i 0 X io-‘ 

50S X W* 

3 30 X 10-** 

4S,40O 

1000 (blue) 

•1 1 X in-‘ 

612X 10’« 

A 0> X 10-** 

5S, 100 

ao »0(uUrn\io!ct) 

3 93 X i(r‘ 

7 59 X I0'« 

0 02 X 10->* 

72,200 


I roin Ein«t(in’«? law of jihotochcmical cquunlcnce it follows tliat there 
diould be a direct rel itiondiip between the photosenthetic elTicicnce of 
(lifferuit wa\( lingth'* of light and the absorption spectra of the chloro- 
plnlN (I ig 2), le , the w ivc lengths that are absorbed more “trongK 
1>\ till chlorophyll pigment*- of i green leaf ‘•hould he more clTcctuc in 
p!iotO'*\nthi‘-i'‘ Although this ib largcK true, it imi'^t he added that the 
light ab-^orhtHl In otliir leaf pigments, notable the carotenouN (p 052), 
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001^2 + 2H2018-> (CHsO'g) + + Qis^ 

COI82 + 2H2OIC -> (CHaOifi) + H2O18 + Oi«2 

The fact that the photochemical reaction is basically a reduction 
process was also brought out by Hiirs discovery in 1937 that isolated 
chloroplasts can, upon illumination, reduce ferric oxalate Subsequently, 
it ^\as sho^n that quinone and a xarietj of organic dyes are reduced in 
this way, nMth the concomitant release of molecular oxjgcn This reac- 
tion has been termed the “Hill reaction” or the “chloroplast reaction,” 
and may be formulated as 

A + HjO-^AHs + iOs 

Here there is no CO^ fixation, and no carbohydrate is formed 
From the preceding discussion, it follows that the biochemical aspects 
of photos} nthesis may be considered under two headings ( 1 ) the nature 
of the enz}mo-cataIyzcd “dark reactions” that lead to CO 3 fixation, and 
( 2 ) the mechanism wherebj the light encrg> absorbed by chloroph}!! is 
con\erted to chemical energy needed to dn\c these reactions 
Fixation of CO^ and Carbohydrate Formation in Photosynthesis 
Significant advances in the elucidation of the chemical reactions in the 
conversion of CO 2 and w atcr to carbohydrate during photosynthesis haie 
come from the work of Cahin and his associates^- These investigators 
have studied the radioactive substances formed from C^^Oo bj photo- 
synthctic algae such as Chlorella or Scenedesmis For this purpose, they 
devised a number of extremely mgemoub techniques b} which the chemical 
constituents present in the illuminated algae are subjected to two-dimen- 
sional paper chromatography and the radioactive components are 
detected by radioautography, 1 e , b} placing the cliromatogram on a 
sheet of photographic paper 

If the algae arc exposed to m the dark, the isotopic carbon 

appears in succinic acid, fumanc acid, malic acid, and other dicarboxyhc 
acids This is consistent with the operation of COo-fixation reactions 
associated with intermediates of the citric acid cycle On the other hand, 
after illumination for 30 to 90 sec, the major portion of the isotopic 
carbon is found in compounds identified as phosphoglycenc acid and 
hexose phospliates Of special importance is the observation that, after 
an illumination of about 5 sec, most of the radioactive carbon is located 
in the carbox}! group of 3-phosphoglyccric acid Since the radioactive 
hexoscs that appear upon illumination for about 30 sec arc largclj 
^abcled in carbons 3 and 4, it is reasonable to conclude that they arise 

HR Hill, Advances in Emymol, 12, 1 (1951) 

*2M Cahin, y Chem Soc , 1956, 1S95 
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conditions, photosyntliesis cannot be accelerated bj increasing the in- 
tensitj of illumination This result has been construed as e\idence for 
a nonphotochemical reaction (dark reaction) as a component of the 
photos} nthetic process Expenmental e\idence for this mgw uas pro- 
Mdcd b} studies in which intermittent illumination was used, much more 
o\}gen was produced under these conditions than was found upon con- 
tinuous illumination with the same amount of light Subsequent studies 
also showed that isotopic CO 2 was fi\cd b> green plants in the absence of 
illumination These findings led to the currenth accepted Mew that 
some constituent of the plant fixes CO 2 Jn a nonphotochemical reaction, 
and that the energj obtained from the absorption of light bj chloroph\ 11 
IS made available for the reduction of the product of CO 2 fixation 
Strong support for this idea has been pro\ided bj work with the 
photos} nthetic bacteria Some of tlic so-called purple bacteria contain 
pigments (bactenochlorophylls) which permit a photocliemical comer- 
sion leading from COo to carboh}drate without the formation of ox}gen 
Such organisms require, liowe\er, the presence of reducing substances® 
such as H>S or H 2 Thus, in the purple sulfur bacteria, 

nCOi + 2nH2S -> (CHoO), + nHoO + 2nS 

This IS formall} analogous to tlie process of photos} nthesis m green 
plants, which ma} be written 

nCOo + 2nH20 -> (CHaO)^ + nHsO + nO. 

On the basis of the results with the photos} nthetic bacteria, the most 
general statement of the o\cr-all process of pliotosynthesis is gnen b} 
the reaction 

71 CO 2 + 2nH2A (CHsO)^ + nH^O + 2nA 

where HiA is a specific h}drogcn donor In the instances cited abo\e, 
H 2 O, HoS, and H 2 can scr^ e as h} drogen donors in the appropriate organ- 
isms In addition, organic substances (c g , isopropanol CHsCHOHCHt) 
can also function in this capacita with certain purple bacteria, here the 
h} drogen donor is con^ertcd to acetone bj a deh}drogenation reaction® 
EMdcncc for the mcw that photosj nthcsis m green plants m\ohes the 
“photol}sis'’ of water was provided bj Ruben et al who showed, b} 
the use of water and COo labeled with O*®, that the molecular ox*}gon 
which is a product of photos} nthesis comes from the water while the 
OX} gen of CO 2 enters into the organic compounds 

B \(ITI NipI liact 8, 1 (1W4) Am Sacnltsl, 37, 371 (1919) 

®M D Kamcn Fcdcrnlion Proc % 543 (19o0> 

»H Gest Bad Jicis 15, 183 (1951) 

’“S Bubpn et al J Am Chem Soc 63 877 (1911) 



552 


GENERAL BIOCHEMISTRY 



Fig 3 Proposed mechanism of CO 2 fixation in photosynthesis by means of the 
reductive pentose phosphate c}cle 


Table 2 Stoichtomefry of Ih© Reducfive Pentose Phosphate 
Cycle in Photosynthesis 

3 Pentose-P + 3 ATP-^ 3 Ibbulose-diP + 3 AX>P 
3 Ribulose-diP + 3 CO 2 -f* 3 H 2 O — > 6 P-^lj cerate 
6 P-gljcerate + 6 ATP— > 6 DiP-i;ljcerate + 6 ADP 

6 DiP-glycerate + 6 TPNH + G H+ G Gl> ceraldeh> de-P + 6 TPN+ + 6 P 

2 Glj ceraldehyde-P — » 2 Dihjdroxyacetone-P 
2 Glyceraldehj de-P + 2 dihydroxyacetone-P — > 2 Fructose-diP 
2 Fructose-diP + 2 H 2 O 2 Fructose-P + 2 P 
1 Fructose-P -f 1 gljceraldelijde-P— » 1 Pentose-P + 1 tetrose-P 
1 Fructose-P + 1 tetrose-P— + 1 Heptulose-P + 1 glyceraldehyde-P 
1 Heptulose-P + 1 glyceraldehyde-P— > 2 Pentose-P 

3 COi + 9 ATP + 5 HjO -b 6 TPNH + 6B+-* 

1 Glyceraldehjde-P + 9 ADP + 6 TPN+ + S pl.osplrate 
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from 3-phosphoglyceric acid by a reversal of the Embden-Mejerhof 
gljcoljtic path^aj (p 476), Ma gljceraldehj de-3-phosphate, fructose- 
1, 6-diphosphate, fructosc-6-phosphate, gIucosc-6-phosphate, and glucose- 
1-phosphate The formation of starch is cataljzed by phosphorylase 
(p 439), and the synthesis of sucrose iii\ol\cs cnzjme-citaljzed reactions 
of UDP deri\ati\es (p 450) It t\iII be recalled that m animal tissues 
the comersion of oligosaccharides to 3-phosphoglj ceric acid is an exer- 
gonic process that requnes DPN+, ADP, and inorganic phosphate, and 
m ^hich DPNH and ATP arc formed (It appears Iikelj that m green 
leaves TPN"*" is effectue in place of DPN+ ) Clearlj, the re\ersal of 
this portion of the gljcolytic patlinaj is an endergomc process that 
requires the presence of a reduced pjndinc nucleotide (DPNH or TPNH) 
and of ATP The probable source of these two components will become 
more eMdent from the subsequent discussion 

In regard to the mode of formation of the isotopic 3-phosphogljcenc 
acid from after brief illumination, Cahin has presented e\jdence 

in fa\or of the \iew that ribulosc-l,5-diphosphate is carboxylated to 
form an intermediate which is cleaved enzvmically (cf p 527) to form 
2 molecules of 3-phosphogl> ceric acid Thus the COo acceptor in photo- 
synthesis IS thought to be nbuIose-l,5-diphosplmtc, formed from nbulose- 
5-phosphatc by enzymic phosphorylation with ATP Since nbulose-5- 
phosphatc IS an important intermediate m the oxidative pentose phosphate 
pathway (p 531), it follows that the components of this pathway are 
needed to regenerate ribulose-l,5-dipbospbatc ns it is carboxylated and 
converted to carbohydrate via 3-phosphoglyccnc acid This was indi- 
cated by the appearance of C*'*, after brief illumination, in compounds 
such as scdoheptulose phosphate From the distribution of the isotope 
m the various radioactnc intermediates,*® Calvin has concluded that a 
“reductive pentose phosphate pathway" is operative in photosynthesis 
A slightly modified version of this scheme is given in Fig 3 

The stoichiometi’y of the reductive pentose phosphate cycle mav be 
formulated in terms of the conversion of COo and H (from TPNH) to 
glv ceraldehy dc-3-phosphnte It will be seen that, for the entrance of 3 
molecules of COo into the cvcle, 3 molecules of ribulose-l,5-diphospbate 
arc required These give rise to 6 molecules of 3-piiosphogly ceric acid, 
which IS converted to glyccrildchydc-3-phosphate by a reversal of the 
glyccral<lchyde-3-pho'?pliate dehydrogenase reaction (cf p 373), this 
requires an equivalent amount of ATP and of reduced pyridine nucleo- 
tide Of the 0 molecules of the triose phosphate formed, 5 are needed 
for the completion of the cycle, and 1 molecule can be utilized for carbo- 

*3J A Ih'-'lnm ct al , y Aw Chem Soc,7Ct, 17C0 (195-1) liiochm ct Diophys 
\cla, 21, 37C (19oC), A T WiNon and M Cahm, J Am Chem Soc 77, 
5918 (1955) 
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SH SH 

TPN+ + CHiCHaiHCCHil^COOH — 

I I 

TPNH + H+ + CH2CH2CH(CH2)4COOH 


The nature of the electron donor that reacts directly with illuminated 
chlorophyll i& al«o not clearly established Since the Oo produced m 
photosynthesis by green plants comes from water, it would appear that 
water is the source of the elcetrons, but it is possible that another oxida- 
tion-reduction reaction may intervene As noted previously, in photo- 
synthetic bacteria a photoreduction occurs without liberation of Oo At 
present, therefore, the oxidation-reduction reaction catalyzed by illumi- 
nated chlorophyll may be written 


A-hBH 


AH -f-B 


where A is an unknown electron acceptor (possibly lipoic acid) andBH 
IS an unknown electron donor (possibly water) It is as«iimed that A is 
regenerated in the reduction of TPN+ (or DPN+) by AH, and that the 
unknown oxidant B reacts m green plants with HoO to form O2, or id 
bacteria with another oxidizable substrate, thus regenerating BH 
4B + 2H2O 4BH -4- O2 (green plants) 

4B -h 2H3X 4BH -h 2X (bacteria) 


From the above discussion it follows that the photochemical reduction ot 
TBN'*’ by the HiU reaction, 


4- H2O TPNH 4- H+- 4- IO 2 
probably represents a coupled oxidation-reduction reaction 

Clearly, for the operation of the reductive pentose phosphate pathway? 
ATP IS required as well as TPKH Evidence has been picsenttd 
that ATP IS generated by the coupling of the phosphory lation t;f APP 
to the oxidation of a portion of the reductant AH (or possibly TPKH) 
by an equivalent portion of the oxidant B This process has been termed 
"photosynthetic phosphorylation” to distinguish it from the respiratory 
chain phosphorylation performed by mitochondria^® The electron 
earners involved m this phosphorylation of ADP by illuminated cldoro- 
plasts have not been identified as satisfactonh as m the ease of mito- 
chondrial phosphorylation (cf p 371), but they appear to include d 
flavin system, vitamin K (menadione, p 6G8), ascorbic acid, and possibly 
a cytochrome (cytochrome f, p 353) Although the sequence of electron 


I Amon, Science, 122, 9 (1055), P I Arnon ct al Biochim et Biophy^ 
Ada 20, 410, 4G2 (1056). Nature, ICO, 1S2 (1957). A W Trankel J Biol Chem^ 
222, 823 (1956) 
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lijdrnte s>ntlicsis These considerations are summarized m Table 2 It 
should be added tliat, although the reactions in Table 2 account for the 
appearance of the \arious labeled compounds during photosynthesis, 
the distribution of in the gluco«e formed is not m satisfactory accord 
\Mth the postulated scheme,** suggesting the occurrence of altematue 
light-dependent transformations of the products of COo fixation The 
operation of such alternatuc pathways is indicated by the finding*® that 
brief illumination of ChlorcUn in the prc«cncc of C*'‘02 markedly in- 
creases the labeling of aspartic acid The carbon chain of the ammo 
acid probably is deri\od directly from oxaloacetic acid (Chapter 31) 
formed through COo fixation by a 3-carbon compound Some photo- 
sy nthctic organisms (eg, purple sulfur b ictcria) do not store appreciable 
amounts of carbohydrate, and it is likely that tlio energx absorbed by 
their chlorophyll is utilized, in large part, for the synthesis of ammo 
acids needed for protein formation 

Transformation of Light Energy into Chemical Energy m Photosyn- 
thesis The current mow of the mechanism of photosynthesis assigns 
to illuminated chlorophyll the function of transforming light energy into 
chemical energy for the fonnation of reduced pyridine nucleotide and 
ATP Little IS known. howc\er, about the chemical c^cnts in tins trans- 
formation, or about the changes undergone by clilorophyll when it is 
illummatul Upon illumination, chlorophyll can catalyze rc^e^slbIc 
oxidation-reduction reactions, and it is widely bclie\cd that the photo- 
chemical action of chloroplixll tn vivo is to effect an electron transfer 
reaction, but tlic components of this reaction ha\c not been identified 
It will be recalled lliat on illumination chloroplasts reduce tlic oxidized 
form of xarious oxidation-reduction sxsterns (tlio Hill reaction) 

\ islimac and Ocho ila^ e «hown that DPN+ and TPN"^ can be reduced 
by illuminated grana from spinach Icaxcs, with intact chloroplasts, 
TPN+ IS reduced prcfercntialh This example of a IIill reaction thus 
proxidcs a mcchani-m for the goner ition of the TPNH required for the 
operation of the cxclc shown in Fig 3 It cannot be concluded, howe\or, 
tlmt TPX+ IS reduced directK In illuminated cbloroplnll Cal\in*'’ has 
supgc'tcd that the reduction mxoUes the participation of lipoic acid 
(thioctic acid, p 30G), which i** thought to be the direct electron ncccjitor 
from the illuminated chlorophyll s\‘«tein The reduced lipoic acid max 
then form TPXH from TPN+ ns follows 

I*M GiM)^ arni 0 Kandler Proc Aof/ Acad Sci 43, 41C (lOoT) 

»®0 Wnrliurc ct nl 7 \aturfonch , 12l», ISl (1057) 

I'*C I* Uliitlinphnni Ihol Ilcts^ZO 40 ( 10 ^ 5 ) I N M I)u\«rn« Ann Ttev 
Plnnl Ph),u<,U 7, 25 (1D/j) 

U Xi«hni^c nml S Oclion J Hud Chem 193, 75 (I9o2) 
ii'J A el al J Am Chrm S.»r 70 4120 (1956) 
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cause the formation of 1 molecule of O 2 in the course of photosynthesis by 
Chlorella Since the value for the Einstein at this wave length is 44 
heal per mole, the above result implies that the absorption of 176 kcal 
of light energy by the chlorophyll would lead to the production of 1 
mole of oxygen As seen earlier, the formation of 6 moles of oxygen m 
photosynthesis inioivcs a aF® of approximately 690 kcal, or 115 kcal 
per mole of oxygen, Warburg’s result, therefore, would indicate an 
efficiency of approximately 65 per cent, under the conditions of his experi- 
ments This finding has been disputed by a number of investigators, 
uhose results led them to conclude that the quantum efficiency in the 
photosynthesis of Chlorella was considerably lower, values of 6 to 12 
quanta per molecule of Oj produced w^cre reported by Emerson and 
others (Chapters IG-13 in Franck and Loomis®) More recent measure- 
ments-^ are also in this range (ca 7 to 9 quanta) A reinvcstigation of 
the problem by Warburg, wuth experimental techniques designed to 
eliminate the influence of respiration and of differences m the algae 
produced by different modes of illumination during their growth, led 
him to reiterate the earlier estimate of 4 quanta Burk and Warburg"® 
have reported a quantum yield of 1 under conditions of alternating light 
and dark periods Since a quantum yield of about 3 represents 100 
per cent efficiency, it was concluded that part of the necessary energy is 
supplied by light and part by respiration occurring in the dark periods 

In the foregoing discussion, the role of illuminated chlorophyll has 
been considered only m relation to its function in providing energy lor 
CO 2 fixation However, the studies of Warburg et al suggest that the 
pigment may exist m cbloroplasts in tlie form of a COo-denvativc 
(possibly a carboxylated chlorophyll a) which can donate CO 2 for the 
fixation reaction It would appear, therefore, that the photosynthclic 
apparatus of the chloroplast is a highly integrated system in which 
chlorophyll may participate intimately both in the photolysis of w’ater 
and in the COo fixation reaction 

A valuable review on the enzymic reactions in photosynthesis has been 
prepared by Vishniac et al 

21 E L Yuan Pt al , Biochim et Biophys Acta, 17, 185 (1955) , J A Bassham 
et al , ibid , 17, 332 (1935) 

“0 Warburg ct al,Z Nalurjortch , 8h, 675 (1953), lib, 654 (1956), D Burk 
et al , Science, 110, 225 (1949) 

23D Burk and 0 Warburg, Z NaiitTjonch, 6b, 12 (1951), FedcTalton Ptoc-, 
10, 169 (1031) 

“*0 Warburg tt al, NatuTwisicnschaften, 43, 237 (1956), Z Nalurforsch , llb> 
718 (1956) , Angew Chan , 69, 627 (1957) 

25 W Viahmac et al, Advances tn Entymol, 19, 1 (1957) 
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transfer from ATT to B has not been elucidated, it is clear that a mecha- 
nism of oxidati\e phosphorj lation is present in chloroplasts for the 
generation of ATP, in this sjstem oxygen does not appear to be the 
terminal electron acceptor, as m mitochondria, but rather the unknown 
oxidant B 

A number of model experiments ha\e been performed with prepara- 
tions of chloroplasts and grana to demonstrate the possibility of coupling 
the photoreduction of pyridine nucleotides to ATP synthesis and to COo 
fixation Thus the photochemical reduction of DPN+ by spinach grana 
has been coupled to the respiratory chain phosphorylation catalyzed by 
mitochondria from plant tissues,-® and the photoreduction of TPN+ has 
been coupled to the CO> fixation reaction catalyzed by the “malic 
enzyme” (cf p 512) These model experiments are further examples of 
the utilization of light energy to drive endergonic chemical processes 
in the presence of suitable enzymic catalysts 

It has been assumed that 3 molecules of ADP are phosphorylated 
per electron pair transferred in stepwise manner from AH to B, if this 
value IS accepted as a basis for further calculation, an estimate can be 
made of the energy relations implicit m the photosvnthetic conversion 
of COo to triose phosphate according to the scheme in Fig 3 It will 
be seen from the stoichiometry of the reductive pentose phosphate cycle 
(cf p 552) that 9 molecules of ATP arc required m this scheme to 
convert 3 molecules of CO^ to glyceraldehyde-3-phosphate To generate 
this amount of ATP by photosynthetic phosphorylation, 3 molecules of 
pyridine nucleotide would be oxidi/ed by the unknown electron acceptor 
B Since 6 additional molecules of reduced pyridine nucleotide are also 
needed, the energy requirements of the reductive pentose phosphate cycle 
for the synthesis of a tnosc phosphate would be met by the photochemical 
reduction of 9 molecules of pyridine nucleotide Hence, per molecule of 
COn fixed, 3 molecules of reduced pyridine nucleotide must be formed 
by the transfer of 6 electrons made a\ailable by the action of illuminated 
chlorophyll If the quantum efficiency of the photochemical process is 
such that the absorption of one photon leads to the transfer of one 
electron from BH to A, tlien 6 quanta of light would cause the fixation 
of 1 molecule of CO 2 , and m green plants would cause the liberation of 1 
molecule of Oo This calculation rests on several unpro%en assumptions, 
and at present cannot be considered more tlian a plausible hypothe&is 

A companion of this calculated xaluc with the results of direct experi- 
mental measurement of the quantum efficiency of photosynthesis is made 
difficult by the lack of concordance among the data reported by xarious 
in\ cstigator'? In 1923, arburg reported that, under suitable conditions, 
the absorption of 4 quanta of red light (6500 A) was sufficient to 

-OW V'l'hniac and S Ochoa, / Biol Chem, 190, 501 (IO52) 
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to yield the salts of the fatty acids (soaps) The distinction between 

CH2OOCR CH2OH + KOOCR 

I I 

CHOOCR' + 3KOH CHOH + KOOCR' 

^HsOOCR" CH2OH + KOOCR" 

the fats and the oils is based on their physical state at ordinary tempera- 
tures, at which tlie fats are solids and the oils are liquids 
Fatty Acids The groundwork on tlie nature of the fattj acids of the 
fats and oils was laid by ^Iichcl Eugene Che\rcul (1786-1889) during 
the earlj part of the nineteenth ccntur> Since tliat time much knowl- 
edge has accumulated^ about the fatty acids formed bj the saponification 
of simple lipids As will be seen from the list in Table 1, an appreciable 
number of saturated fatty acids of the general formula CrtHsn+iCOOH 
has been identified Of these, palmitic acid is most widely distributed in 
natural fats Saturated straight-chain fatty acids with an even number 
of carbon atoms (Co llirough Cig) have been found m fats and oils not 
only from animals and plants, but also from bacteria^ and molds “ In 
addition, lipids from all these sources contain small amounts of saturated 
straight-chain fatty acids with an odd number of carbon atoms (C5 
througli Cj;) A vanetj of branched chain fattj acids having either an 
oven or an odd number of carbon atoms has been identified as minor 
components of natural fats and oils Among these are tso-valeric acid 
(from dolphin and porpoise blubber), ll-methyldodecanoic acid and 
13-methyltetradecanoic acid (from butter fat^), and the 10-methjlocta- 
decanoic acid (tuberculostearic acid) of tubercle bacilli 
Many unsaturated straight-chain fatty acids (of both the even- and 
odd-numbered senes) hav'e been found in nature, among these oleic acid 
((ns-octadec-9-enoic acid) is almost universally present m natural fats 
It represents the most abundant mono-unsaturated octadecanoic acid m 
animals and higher plants, whereas the isomonc cis-v accemc acid (octa- 
dec-ll-cnoic acid) is the major monoethcnoid C18 ncid m bacteria® 
Among the unsaturated branclied-cham fatty acids found to occur 
naturall} is a C27 acid (phthienoic acid) obtained from the lipids of 
virulent tubercle bacilli ® Other interesting members of this group are 

3T P Hilditch, The Chemical Comlttulton of Natural Fats, 3rd Ed, John Wiley 
4. Sons, Ne« York, 195G, L Crombie, Ann Reps, 52, 29S (195G) 

<Iv Hofmann et al , J Bwl Chem, 217, 49 (1955) 
sj Singh et al, Biochcm J , 61, 85 (1955) 

®F B Shorland et al , Biochcm J, 61, 702 (1955) 

J Anderson, Harvey Lectures, 35, 271 (1940) 

8H Laser, J Physiol 110, 338 (1949), I D Morton and A R Todd, Biochem 
47, 327 (1950), K Hofmann and F Tausig, J Biol Chem, 2 1 3, 415 (1955) 
»J Cason et al J Biol Chem, 192, 415 (1951), 220, 893 (1956) 
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Together Tvith the proteins and carbohydrates, the lipids* form the bulk 
of the organic matter of lining cells As seen m earlier chapters, the pro- 
teins and carbohydrates ma> be defined on the basis of their relationship 
to particular structural units — amino acids or monosaccharides The 
term “lipids" refers to a heterogeneous collection of biochemical sub- 
stances T\hich ha^e in common the property of being \armbl\ soluble in 
organic solvents (eg, methanol, ethanol, acetone, chloroform, ether, 
benzene), the hpids arc, however, onl> spannglj soluble in water It 
has become the practice to designate substances of the latter type as 
“hjdrophobic," in contrast to materials that arc soluble m water, or 
wettable bj water, and hence “hjdrophihc" Among the hjdrophilic 
substances are included proteins (eg, keratin) and poI> saccharides 
(eg, cellulose) that arc insoluble in water but are capable of binding 
water 


Fats, Oils, and Waxes 

The lipids may be separated into several groups on the basis of their 
chemical and phj sicil properties The rcprcscntativ es of the first general 
group maj be termed “simple lipids” or “homolipids”,- these arc esters 
containing onlj carbon, hydrogen, and oxjgcn, and they jield, on com- 
plete h}drol>sis, onij fattj acids and an alcohol The earliest investiga- 
tions of the simple lipids were concerned with the so-called neutral fats 
and oils, m which the trihjdnc alcohol gljcerol (discoicred bj Scheele in 
1783) IS joined b) ester linkages to three fattj acid units These ester 
linkages can be cleaved rcadilj bj alkaline hjdrolvsis (saponification) 

*J A Lo\crn The Ckcmulry of Lzpidi of Btochemical Sifftitficancc, Methuen 
and Co^ London 1955 H J Deuel The Ltptds Vo! I, Inter^cience Publishers, 
Non lork, 1951 

2H n Hutt Nalure, 175, 303 (1955) 
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tv,o fatty acids of plant origm chaulmoognc acid’® (a cyclopentene 
derivative) and stercuhc acid** (a cyclopropene derivative) A fatly 
acid related to stercuhc acid is the saturated cyclopropane denvatne 
lactobacillic acid*- (phytomomc acid), vvluch is a major constituent of 
the lipids of lactobacilli and of the plant pathogen Agrohactenum 
{Phytomonas) tumejaciens 




C— (CHajvCHa 


\ 


C- (CH2)7C00H 


Stercuhc acid 


HsC' 


CH— (CH 2 UCH 3 


CH— (CH 2 I 0 COOH 

Lactobacilho acid 


\h— (CH2)«C00H 
-CHj 

CI>aulmoogne acid 


Examination of the structure of the un&alurated fatty acids containing 
one double bond (eg, oleic acid or vacccnic acid) sho^s that two 
geometrical isomers (cis and frans) analogous to maleic acid and furaaric 
acid are possible I^Iost unsaturated fatty acids occur mainly m the 
cis-form, however, the trans-isomer of oleic acid (elaidic acid), frans- 
vacccnic acid, and other trans-unsaturated fatty acids have been detected 


CH3(CH2)7CH CH3(CH2)7CH 
hooc(cH2)7I;h hI:(CH2)7COOH 

Oleio acid Elaidie kcid 

m trace amounts in natural lipids It is of special interest that trans- 
isomers have been found in rclntucly large amounts (up to about 20 
per cent of the total fatty acids) in the body fats of ruminants and 
marsupials that have a rumcn-hke stomach The origin of the trans- 
forms IS obscure, but it has been suggested that they arise from dietary 
cis-acids by the action of rumen bacteria 

The unsaturated fatty acids containing more than one double bond 
(e g , Imoleic, hnolenic, •y-lmolcnic, and arachidonic acids) arc important 
in animal metabolism, since these fatty atids apparently are not sjTi- 
thcsized in animals at a rale sufficient to meet the needs of the body 


JflK Mislow and I V Stcinbprg, J Am Chem Soc , 77, 3S07 (1055) 

“J R Nunn.J Chem 5oc, 1952,313, P K Faure and J C Smith ibid, 1956, 
1818 K Hofmann et al J Am Chem Soc. 79, 3G08 (1957) 

*2K Hofmann etal J Biol CAcm ,193,473 (1952) 

*3L Hartman et al , Btoc/iew J . 61, 603 (1955) . 69, 1 (1958) 
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t In (Icsigmting the positions of the double bonds it is customary to number the fatty acid chain in accordance with the Geneva 
sjstcm (i e , the carboxj-l carbon is number 1) and to give only tlie lower number of each pair of carbon atoms that participates in 
an unsaturated linLagc The sjmbol A is sometimes used with a superscript denoting both carbon atoms joined by the double 
bond, thus palmitoleic acid might be termed A® '’’•■hexadecenoic acid 
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composed of a hycirocarbon-like portion that is insoluble m water and 
soluble in organic sohents and of a polar carboxyl group that is soluble 
in water As a consequence, these molecules will become oriented at a 
surface betw con w ater and benzene so that the hj drocarbon chains project 


Table 2 Oxygenated Derivatives of Stearic Acid Found in 
Plant Seed Oils 


Ricinoleic acid 

9-H} droxj octadec-1 2-enoic 
acid 

9,10-Dihydroxysteanc acid 


OH 

1 

CHjCCHsIcCHCHsCH^CHCCHzItCOOH 

OH 

I 

CH3(CH2)iCH=CH(CH2)2CH(CH.)7COOH 
OH OH 

I 1 

CHi(CH.),CH— CH(CH!).C00H 
OH 


18-Hjdroxj elcosteanc acid CH5(CH2)jCH=CHCH=CHCH=CH(CH*)7COOII 


12,13«'Epoxjoleicacid 


0 

CH3(CHj)iCH-^HCH"CH=CH(CH2)TCOOH 


into the organic solvent while the carboxyl groups are attracted to the 
aqueous hyer If a drop of oleic acid is placed on a water surface, 
the affinity of the carboxyl groups for water will cause the acid to spread 
The attraction between the hydrocarbon residues of oleic acid is much 
greater than their offinitj for water, tlie spreading of the film will there- 
fore stop when a raonoinolecular Jajcr is formed By measurement of 
the aica of the film, when it js subjected to sufficient pressure to align the 
hydrocarbon side chains panllcl to one another, it is possible to calculate 
the cross-sectional dimension of a single fatty acid molecule m a surface 
film Reference uas made earlier (p 155) to the fact that many proteins 
also spread as monolayers on water 

Analysis of Natural Fats and Oils Ifc must bo emphasized that the 
saponifiable fats or oils obtained upon extraction of a plant or animal 
tissue witli an organic solvent arc not pure compounds but arc mixtures 
of several more or less closely related tnglyccndcs Consequently , it has 
not been possible to establish the precise nature of each natural tri- 
glyccndo in terms of the distribution of the fattv acids Another factor 
that has complicated the structural analysis of glycerides is the tendency 
for acyl migration from one hydroxyl group of the glycerol molecule to 
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economy For normal gronth, mice, rats, dogs, and probably human 
beings require a dietarj source of at least one of these compounds 
Under certain conditions, some bacteria also require unsatuiated fattj 
acids (eg, oleic acid) m the culture medium for growth Fatty acids 
that are required either in the diet of higher animals or in the culture 
media of bacteria ha\e been termed “essential fatty acids ” Among these 
should be included lipoic acid (thioctic acid, p 306), which is an impor- 
tant cofactor in the oxidatnc decarboxylation of a-keto acids (cf p 481) 
Animal tissues ha\e also been found to contain unsaturated fatty acids 
other than those listed in Table 1 Among these fatty acids arc members 
of the CoQ and Coo senes and which ha\e 2, 3, 4, 5, or 6 double bonds 
Higher plants and microorganisms also contain highly unsaturated fatty 
acids including some with acetylenic (i e , triple) bonds Examples are 
ximenynic acid (frans-octadec-ll-cn-9-ynoic acid, also called santalbic 
acid), which is the major component of the seed oils of the sandalwood*’ 
{Santalum album), and raycomycin (tridcca-3(<rons),5((ns),7,8-tctraene- 
10,12-diynoic acid),’® an antibiotic produced by an actinomycete 


CH3(CH2)5CH 

hI!:c=ccch2),cooh 

Ximenywe acid 


CH=CCsCCH=C=CHCH 

hcI:h 

)l 

H00CCH2CH 

Mycotnycin 


Fatty acids containing a hy droxy 1 group liai e been isolated from higher 
plants (see Table 2) and an epoxy fatty acid (\ernohc acid, 12,13- 
epoxy octadec-9*enoic acid) 1ms been reported to bo the major acid m the 
seed oil of the plant Vernonia anthelminttca Among the more complex 
hydroxy latcd fatty acids found in nature is m\ colic acid (approximate 
composition, C 88 H 170 O 4 ) One of the factors responsible for the 
\irulence of mycobacteria (eg, Mycobacterium tuberculosis) is a com- 
pound ("cord factor”) formed b\ the esterification of 2 molecules of 
my colic acid by the 6-hydroxyIs of trehalose (p 415) 

Because of their structure, fatty acids exhibit a characteristic bchaMor 
at surfaces of w ater or at interfaces between aqueous and organic soh ents 
The long-chain fatty acids such as oleic acid may be considered to be 


H J Deuel nnd R Rei«er Rilamins and Hormones, 13, 29 (1955) 

M Wliitcutt and D A Sutton, Bioc)icm J 63, 4B9 (1950) , Montag ct il 
J Btol Chem 227, 53 (19j 7), F Kirok and J Tomu«!cliat Z physiol C/icm,308, 
165 (1957) 

JOJ D BuXock, Quart Rcis, 10, 371 (1950) 

up D Giinstonr and W C Ru^ll J Chem Soc 1955, 3782, J Gngor ct al 
ibid, 1955, 1009 

D Olmcr and I A Solomons J Am Chem Soc, 75, 1372 (1953) 

D Gun«tonc, J Chem Soc , 1951, 1611 
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the components of the mixture of methyl esters, and the vapors are forced 
through the column by a stream of inert gas (nitrogen) 

5 The Craig countercurrent distribution technique (p 139), which 
has been applied with success to the separation and quantitatue estima- 
tion of individual fatty acids 

The presence of double bonds in the unsaturated fatty acids provides 
an additional analjbcal method for the characterization of a mixture of 
triglycerides If such a mixture, or the fatty acids obtained from it upon 
saponification, is treated with iodine, 2 atoms of iodine are added per 
double bond Thus the iodine number of a natural fat or oil is defined 

R~CH R— CHI 

!1 T 

R'— CR R'— CHI 

as the number of grams of U that will be bound by 100 grams of the test 
material This value serves as a measure of the relative proportion of 
unsaturated fattj acid units m the tngljccnde In the study of the 
stereochemical configuration (cts or irans) of individual unsaturated 
fatty acids, infrared spectroscopy has been employed to good advantage 
As might be expected from tlicir chemical structure, the unsaturated 
fatty acids are susceptible to oxidation at their double bonds In the 
presence of suitable cataljsts (metals, hemm, etc) or of the enzyme 
lipoxidase (cf p G09), long-cham unsatuiated fatty acids may be con- 
verted by oxidation to short fatt> acid chains It is currently believed 
that this clea\age in\oI\es the intermediate formation of peroxides The 
short-chain fatty acids, because of their characteristic odor, are pn- 
manlj responsible for the rancidity of fats that have been exposed to 
oxygen Because of the industrial importance of this aspect of fat 
chemistry , much attention has been given to the search for antioxidants 
which will prevent such oxidation Among the many substances that 
will act as antioxidants are a number of phenols (hydroquinone, pyro- 
gallol, etc ) and naturally occurring substances such as glutathione, 
ascorbic acid, and the tocophcrole (vitamin E, Chapter 39) 

Like other unsaturated compounds, fats containing unsatuiated fatty 
acids may be hydrogenated at their double bonds, in the presence of a 
suitable catalyst (palladium or platinum), with the conversion of the 
unsaturated acid to the corresponding saturated fatty acid Thus oleic, 
hnoleic, and Imolenic acids give stearic acid upon liydrogenation When 
cottonseed oil is subjected to hj di ogenation, it is ton\ertcd to a solid 
fat This procedure, known as “the hardening of oils," is important in 

22 A T James and A J P Martin, Biochetn J , 63, 144 (1956), A T James anJ 
J Webb tbid, 66, 615 (1957) 
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another The current "Mews on this subject ha\e been summarized by 
Deuel and Hilditch 

nb\iouslj, the tngljcerides can larj considerablj ^ith respect to the 
nature and arrangement of the constituent fatty acid residues For this 
reason, it is fairlj difficult to characterize natural fats and oils m terms 
of the individual triglycerides they niaj contain Some of the methods 
that maj be used m the characterization of such naturally occurring 
mixtures are the following 

1 Determination of the saponification number, which maj be defined 
as the number of milligrams of KOH ncccssar> to neutralize the fatty 
acids liberated from 1 gram of a fat or oil ini\ture This gi\ es a measure 
of the amount of fattj acid formed after alkaline hjdroljsis of a natural 
fat mixture Since each equiialcnt of a triglyceride requires 3 equiva- 
lents of KOH (molecular weight 50), the average molecular weight of 
the mixed trigljcendes is related to the saponification number as follows 

. , , , , 3 X 50 X 1000 

molecular ueght = sT pon.hoation " number 

From the average molecular weight, an estimate ma> be made of the 
average length of the fattj acid chains present in the mixed trigljcendes 

2 Determination of the Rcichcrt-Meisscl number, defined as the num- 
ber of cubic centimeters of 0 I iV NaOH required to neutralize the volatile 
fattj acids obtained from 5 grams of mixed trigljcendes Of the fatty 
acids listed in Table 1, those with fewer than 12 carbon atoms maj be 
distilled with steam, the Reichcrt-Mcissel number thus provides an 
estimate of the relative proportion of such short-cham fattj acids ob- 
tained upon saponification of the mixed trigljcendes For example, 
butter, which vields appreciable amounts of fattj acids of low molecular 
weight, has a high Rcicherl-Mcisscl number 

3 Fractional distillation of the methjl esters of fattj acids to isolate 
and idcntifv the individual fattj acids in hjdrolj sates of natural lipids 

4 Chromatographic techniques, which have proved extremelj valuable 
in tlic separation and identification of the constituent fattv acids of 
lipids The free fattv acids present in a complex mixture can be sepa- 
rated bj column cliromatographj with rubber powder as the solid phase 
A verj impoitant analjtical method is the separation of the mcthjl 
c-ters, of fattj acids bv gis-hquul chiora itograpliv , the columns contain- 
ing a stationarj jiliasc are operated at elevated temperatures, vaporizing 

=0 11 J Deuc! Jr Inn Let Biochem, 19, 89 (19a0), T P Hilditch tbtd 
22, 125 (195S) 

=*J Boldingli Bcc trav chim Papa Das 69, 217 (1950) 
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groups represent the carbon ch'iins of alcohols corresponding to Cjc and 
Cig fattj acids, as sIioi\n Tiic biosynthesis of these ethers appears to 
foJIoir pathuays similar to those for the fatty acids and glycerol, from 
which the ethers are probably derived 



Glycerol Ether 

R Group 

Related Fatty \cid 

CHsOH 

Batyl alcohol 


Stearic acid 

1 

CHOH 

Chimyl alcohol 

CHi(CH,)„CHr- 

Palmitic acid 

1 

CHsOR 

Selachyl alcohol 

CH,(CH,),CH=CH(CH.) ,CHj— 

Oleic acid 


Phospholipids^^ 

A large variety of natural lipids arc distinguished from the simple 
lipids by \irtuo of the fact that they contain, m addition to carbon, 
oxygen, and ludiogen, other elements, notabl> nitrogen and phosphorus 
This group 1ms been referred to as "compound lipids” or "heterohpids” 
(the term “lipins” lias also been used) These compounds initiallj 
attricted con'iulcrable attention because of their presence in the nerve 
tissues of animals Tlic pioneer studies in tins held were performed 
during the latter half of the nineteenth centurj by Thudichuni, nlio 
summarized his work m a classical monograph entitled A Treatise on the 
Chemical Constitution of the Brain (London, 1884) 

The most thoroughly investigated of the complex lipids are the so- 
called phosphatides These include the phosphatidcs known as the 
lecithins and cephnhns, which arc widespread in animal and plant tissues, 
where they frequently represent the major portion of the cell Jipids 
The early literature on tliesc substances has been reviewed bj IVIacLean,^^ 
and the more recent advances in this field have been discussed by IVit- 
coff^^ and Baer"® The Jccitliins from various sources (brain, liver, egg 
yolk, soybean, wheat gorni, and yeast) have the same general structure, 
in these phosphatidcs, the distinguishing feature is the participation of 
one of the hydroxy 1 groups of glj ccrol m an ester linkage w ith phosphoric 
acid, which is in turn cstcnfied by means of the simple nitrogenous base 
choline The other tw'o alcohol groups of glycerol are involved in ester 
linkages with long-cham fatty acids (indicated R and R' in the formula), 
similar to those that piedommatc in natural fats (oIcic, palmitic, stevne, 

-^VV’ D Ccimer nnd H E Carter, Phy^ol Revs, 32, 167 (.1052), R M C 
Dawson Dtol Revs, 32, JS8 <1957) 

MacLean and J Smedlej-MacLtan, healhin and Allied Substances, Long 
mans, Green and Co London 1927 

VVitcoff, The Phosphatidcs, Hcmhold Publishing Co, New- York, 1951 
“®E Baer, Ann Rev Btochetn, 24, 135 (1955) 
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the manufacture of butter substitutes such as margarine In general, the 
greater the proportion of saturated fattj acid units in a mixture of 
tngljcendes, the higher is the ineUmg point of the mixture 
As noted prcxiously, it has proxed difficult to establish uncqunocally 
the nature and position of each of the fattj acids present in the indixidual 
triglycerides found in a natural mixture From the relatue proportion 
of the fattj acids formed upon hjdroljsis, howexer, it v,ould appear that 
natural fats do not contain appreciable quantities of sjmmetrical tri- 
gljcerides in nhich all three fattj acid units are the same Such 
sjmmetrical neutral fats ha\e been sjnthe&izcd in the laboratorj , 
trigljcendes containing three units of stearic acid or of oleic acid are 
termed tristeann or triolein, respcctnclj The more abundant consti- 
tuents of natural fats and oils are mixed trigljcendes, in which two or 
three different fattj acid units are present Rcprescntatucs of such 
mixed trigljccridca are olcodipalmitm (1 oleic acid and 2 palmitic acid 
units) and olcopalmitoatcarm (oleic, palmitic, and stearic acid units) 
To designate the position of indiMdual fattj acid units in a mixed 
tngljccride, it is customarj to use the sjmbols cr and as shown It will 

a L.H2O — OCCnHas 

( HO 0CC,7H33 

a' insO-OCC.^Hsi 

a Stran>-0-<A*o« pftlmilin 

be obxious that mixed trigljcendes with different fattj acid residues at 
the a and a positions should exhibit optica! actixitj due to the asjm- 
metrj about the /3-carbon atom 

Waxes ond Related Substances Tlic simple lipids discussed m the 
foregoing iiaxt m coiniuon the prc-mcc of gljcerol as the alcohol xxhicli 
1 *' bound in tstcr linkagt to fattx acid rcMdues Thc'c fats and oils are 
difTertntiatcd from the waxt«, in winch glxcerol is replaced bj a long- 
clmm alcohol 1 liU'-, hcisw »x consists largclx of the ester of palmitic acid 
with the ‘■trmghl-clmin alcohol iiuricj 1 aleohol Cll-itC/II.) joOII Cuticle 
waxes (flower jicta!*-, fruit ‘■km**, xegetable leaxe**) contain long-chain 
fattj nci(l*» (C_| to Cjt,), both a- the fret aeuls and as esters, together 
with long-clt nn prim irx and second ir\ alcohols, ketones, and parnfiin 
hx droenrhon- The w ix of ,1/i/robficfcrinwi /ubcrcidoa? has xerj complex 
fattx acids (hat contain is m mx a** UO carbon atom'* In animal tissues 
and in blood pla>-mi, f iltx acid*» art prt‘ent, not onlx in the form of 
tnglxciridc*, hut al«o ns t«*Urs of the important alcohol cholesterol 
xxluch will lit di-cu*>-td in Chapter 2G Alcohols Umt arc 
loiiK-cluin alkxl clhirs of gljcerol occur ns major components in the 
lipids of marmt orgim m« -uch a** starfidi, squid, and sluarks The nlkjl 
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substances in alcohol It -was onginally believed that all the natural 
materials classified as cephalms were analogous in structure to a-lecithin 
except for the substitution of the choline residue by that of ethanolamine 
(aminoethanol, HOCH 2 CH 2 NH 2 ) However, it was later found that 
the “cephalin fraction” of the phospholipids is heterogeneous in nature 
The simplest members of this group are now called aminoethanol cephalms 
or phosphatidylaminoethanols, these substances are somewhat more acidic 
than are the lecithins, because the ammo group of ethanolamine is a 
weaker base than the quaternary nitrogen of choline 
a-Glj cerophosphorylethanolamme and a-glycerophosphorylcholme not 
only occur in nature as constituents of the phosphatides described abo^e, 
but also exist as such in mammalian tissues and fluids 


CH 2 OOCII' 

RCOOCH 

0 

l( 

(ijHa— 0— P— 0- 

OCH 2 CH 2 NH 3 + 


PhosphatidyUmiooetbanol 


CH2OOCR' 

RCOOCH 

0 

II 

CH 2 — 0— P— 0- 

OCH 2 CHNH 3 + 

ioo- 

Pboepbatidyl t/>senne 


A second type of cephalm, w’hich has been obtained from brain and 
other animal tissues, was assigned the name *'phosphatidylsenne,” since 
it contains senne in place of aminoethanol The ammo acid has the 
L-configuration, and the fatty acid residues have been showm to be those 
of oleic and stearic acid®^ Phosphatidylsenne, as well as various phos- 
phatidylammoethanols and phosphatidylcholines, has been synthesized 
by Baer and his associates ^ ^ 

It has been suggested^ that the three types of phosphatides discussed 
above be termed “phosphoglycerides,” to distinguish them from still 
anothw group of phospholipids, the acetal phospholipids or “phospho- 
glyceracetals” (forraerlj called plasmalogens) These substances, which 
constitute an appreciable proportion (ca 10 per cent) of brain and muscle 
phospholipids, were disco\ered by Feulgen in 1924 by means ol th® 
“plasmal” reaction, 1 e , a histochcmical test for aldehydes In this test 
Schiff’s reagent (fuchsin sulfurous acid) gives a red color after pretreat- 


20 G Schmidt et al, J Btol Chem, 212, 887 <1955), R M C Dawson et al, 
Bwchem J , 65, 627 <1957) 

81 J Folch, J Biol Chem, 174, 439 (1948) 

*2E Baer et al, / Am Chem Soe, 78, 232 <1956) 
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Imoleic, etc ) In addition, lecithins maj contain the tctraethenoid fatt> 
acid arachidonic acid The glj ccrophosphatides of brain appear to differ 
from those of other organs in their greater content of highlj unsaturated 
fatty acids of the Coo senes Most of the lecithins contain both a 
CH 2 OOCR' CHoOOCR' 


RCOOCH 


RCOOCH 


CH 2 OPOCH 2 CH 2 N (CHjIs 

II 

0 


OH 

I 

CH 2 OPOH 


0 

a rhosphatidic acid 


saturated and an unsaturatcd fatty ac>l group, although some are kno^n 
T\hich contain cither Uo saturated or two unsaturated groups In the 
lecithins (from luer and egg >olk) that contain botli tjpes of fatty acid, 
the unsaturatcd acid appears, to be linked solcl> at the a-position of 
ghccrol, and the saturated acid onlj at the yS-position Therefore, in 
the formula shown for a-Iccithin, R' represents an unsaturatcd alkjl 
group, and R a saturated group 

Phosphatidcs m which two acidic groups of the phosphoric acid residues 
arc unsubstitutcd are termed phosphatidic acids, their salts have been 
Isolated from plant and animal tissues It is uncertain, howe\cr, whether 
those acids exist as such in biological s\ stems, or whether thc> arise 
during the isolation procedure bj the degiadation of more complex phos- 
pholipids (cf pp 580, G15) If lecithin is considered a dernatue of a 
phosphatidic acid, it ma) be named pliosphatidjlcholme The formula 
of an a-phosphatidic acid is shown, like a-lecithin, it is a dernatue of 
a-glj cerophosphate (a-glj eery Iphosphonc acid) It is extremel> doubtful 
that /3-Iecithins (derued from /?-gl>ccropliosphatc) occur in nature"® 
Q-Lecithins and a-phospbatidic acids ha\e a center of nsjmraetrj about 
the /J-carbon of gljccrol (cf p 565) As indicated m the formulae, it is 
now known tliat naturallj occurring a-lecithins, ns well as other related 
phospholipids, arc dcruatucs of L-a-gl>corophosphoric acid-® It will 
be noted that lecithin is a dipolar lou iii which a negatue charge on the 
plio«plionc acid residue is neutralized bj a po«iti\e charge on the 
qunternarj nitrogen of choline 

Another group of pho<=phatides, the cephalms, maj be separated from 
tlie lecithins b> taking ady antage of the greater solubilitj of the latter 
27 D J Ilanilnn J Biol CAcm, 211, 313 321 (19M) 

Bior 'ind M Kate® J Ihol Chem 185 615 <19o0) 

25 L Baer and J Mauruki® J Dwl Chem, 2 12, 25 39 (1955) 
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It IS of interest that palmitaldehyde, ^shich may be obtained h\ 
hydrolysis of acetal phosphatides, is essential for the luminescence of 
extracts of the luminous bacteria Achromobacter fischeni Presumably, 
the production of light by the bacterial preparations depends on the 
initial oxidation of the aldehyde to palmitic acid (cf p 346) 

In addition to the phosphatides mentioned above, phospholipids are 
kno«n that contain inositol (p 412) At least three distinct types of 
“inositides” have been described,’® these have been differentiated on the 
basis of the inositol derivatives obtained by hydrolysis of the phospha 
tide One type of inositol-containmg phosphatide (found in liver, heart, 
wheat germ, soybean) yields inositol monophosphate,®^ and is analogous 
m structure to the other known glyccrophosphatides, the members of 
this group may be termed phosphatidylmositols Another type, found 
in brain,®® yields diphosphoinositol, and may have the structure shown 
A third group (found in soybean, peanut, and bacteria) yields on 
hydrolysis inositol monophosphates that contain in addition galactose 
or arabinose bound m glycosidic linkage®® 


CH2OOCR' 

Rcooin 

I ^ 

CHi-O—V—OR 

OC6Ho(OH)5 

FhospliatidyIinof>itol 

Other naturally occurring carbohydrate derivatives that may be classi- 
fied as lipids because of their solubility in organic solvents are a-n- 
galactopyranosyl-2-gIycerol (isolated from the red marine alga Indeae 
laminanoides*°) and ^'D-galactopyranosyl-l-glycerol (found in wheat 
flour^^), and a substance composed of 2 molceules of L-rhamnose and 2 
molecules of /3-hy droxy -n-decanoic acid 

3*1 J Folch and F VV LeBaroii, Canad J Btochem Physiol, 34, 305 (lOoO) 

37 J M McIubbm.J Biol CAc77z,220,S37 (X95G), E Okuhara and T Nakayama, 
tbid , 215, 295 (1953) 

38 J Folch J Biol C/iC7rt , 177, 605 (1949), J N Hawthorne, Bioc/itm et Biophyt 
Ada, 18, 389 (1955) 

3»J N Hawthorne and E ChitBaff, J Btol Chem , 206, 27 (1954) 

<oE W Putnam and W Z Hassid, J Am Ghent Soc, 76, 2221 (1954) 

E Carter et al, 7 Am Chem Soc, 70, 3735 (1956) 

Hauser and M L Kamo\skj, J Btol Chem, 224, 91 (1957) 
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ment of the phosphatide iiith HgCU Thannhauser et al have prepared 
m crystalline form an acetal phosphatide from beef brain In the formula 


/ 

RCH 


O— CHj 


O 


0— CH— CHsO— P— o- 

OCH2CH2NH3+ 

Acetal phosphatide 


sho^n, R IS the remainder of a long-cham aliphatic aldehyde, the alde- 
hydes corresponding to stearic and palmitic acids have been obtained 
from the crystalline phosphatide It will be noted that two of the 
hydroxyls of glycerjlphosphorylcthanolamine are bound in acetal linkage 
However, more recent work indicates that the acetal structure suggested 
by Thannhauser ct al may arise m the procedure used for the isolation 
of the compound It has been found’* that the “cephalin fraction” and 
the "lecithin fraction” of beef brain and hcait contain appreciable 
amounts of material that gives aldehyde reactions Analysis of partially 
purified preparations of the aldehyde-containing material has shown 
that, unlike the crystalline acetal phospholipid, they have two long-cham 


CH2OOCR 

R'CH=CHol!H 

I " o 

CH2O— P— 0- 

icH2CH2NH3+ 


CH2OCHR' 

I in 

RCOOCH 

0 

I II 

CH20— P— O' 

(!)CH2CH2NH3+ 


Proposed struelDree for pbosphatidslaimnoethaDol 


alkyl groups, one of which is present m a fatty acyl group linked as an 
ester The av ailable ev idenee indicates that the other alkyl group is pres- 
ent as part of an a,i8-unsaturatcd ether (Rapport) rather than a hemi- 
acetal (Klenk), as shown m the formulae Since the base can be choline, 
ethanolaminc, or serine, the names phosphatidalchohne, phosphatidal- 
aminocthanol, and phosphatidalscnne have been suggested for these 
substances In contrast to the lecithins, phosphatidalchohne from beef 
heart muscle contains only a small proportion of saturated fatty acids, 
linoleic acid predominates among the unsaturated fatty acids present ” 

J Thannhauser et al , / Biol Chem , IBO, 417 (1951) 

Klenk and H Debiich Z physiol Chem 296, 179 (1954), 299, 66 (1955), 
M M Rapport and N Alonzo J Btol Chem, 217, 199 (1955), M M Rapport 
et al ibid, 225, 851, 859 (I9o7), J Neuroehem , 1, 303 (19a7) 

3’E Klenk and G Knekau, Z physiol Chem, 300, 93 (1957) 



572 GENERAL BIOCHEMISTRY 

sphingosinc, dihydrosphmgosine, or phytosphingosine be designated 
sphingolipids 

The cerebrosidos \\ere studied first bj Thudichum and later by 
Thierfeldcr and Klenk^® Mention will be found m the literature of 
several types of cerebrosidos, these are named kcrasin, phrenosm (or 
cerebron), nervon, and oxynervon, and are differentiated on the basis 
of their constituent fatty acids 
Kcrasin Lignocenc acid (CHafCHj) joCOOH) 

Phrenosm Cerebronic acid {CHi{CH 2 ) 2 i (CHOH)COOH) 

Ncr\on Ncrvonic acid (CHsfCHolTCH^CHfCHalisCOOH) 

Oxynervon Oxynervonic acid 

(CH,(CH2),CH=CH(CH2)j2(CHOH)COOH) 

Acid hydrolysis of most ccrcbroswlcs yields only a fatty acid, sphmgosine, 
and D-galactose Cerebrosidos may occur m tissues other than brain In 
Gauchcr’s disease, tcrebrosidcs appear in relatively large amount in the 
liver and the spleen, it has been reported that m these ccrcbrosidcs 
the sugar is glucose instead of galactose 
A probable structure for a corcbrosidc (phrenosm^®) is shown (R is the 
cerebronic acid residue) , it ins not been established whether the glycosi- 

HO 
I 

CH3(CH2),2CH = CHCH— 

PhrfnoBiti 

die linkage is a or ^ Beef brain also contains a cercbrosidc sulfuric 
ester that yields, on hydrolysis, cerebronic acid, sphmgosine, n-galactose, 
and sulfuric acid, its structure is similar to that of phrenosm, with the 
sulfate residue linked to the hydroxyl at carbon 6 of galactose 

The ganghosides, which appear to be closely related to the cerebrosidcs, 
occur m the ganglion cells of nervous tissue and in most parenchymatous 
tissues (c g , spleen, erythrocytes) They are complex substances, and 
arc believed to contain sphmgosine, long-chain fatty acids, hexoses 
(mainly galactose, but some glucose), and a poly hydroxy ammo acid 
named neuraminic acid°‘ The structure of N-acctylneurammic acid 

Thierfeldcr and E Klcnk, Chenae dcr Cerebrottde und Phosphatide, 
Springer Verlag Berlin, 1930 

E Carter and T L Greenwood, J Biol Chem, 199, 283 (1952) 

J Thannhauscr el al, J Btol Chem, 215, 211 (1955) 

E Klenk ct al , Z phpsiol Chem, 295, 164 (1953), 304, 35 (1956) 
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General Metabolism 
of Fats 
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Enzymic Hydrolysis o-f Triglycerides 

In higher animals, ingested triglycerides art largely broken doxra in the 
gmall intestine through the hydrolytu action of a lipase present in 
the pancreatic secretion Lipase activity has also been demonstrated 
m gastric juice Partially purified preparations of pancreatic lipase caU'C 
the hydrolysis of the ester linkages of tnglycendei 'nith the rcsultins 
formation of glycerol and fatty acids Such lipaso preparations hydroUze 
symmetrical triglycerides of short- or iong-cham fatty aeids* and ethjl 
esters of long-chain fatty acids ^ When the siibHratc is a mived tri- 
glyceride of long-chain fatty acids similar to tho^e found in natural fats 
or oils, the hydrolysis proceeds in a stepwjsc manner (Fig 1), tsith the 
rapid formation of di- and monoglyccndcs, followed by 'slon hydroKai' 
of the monoglyeende ® A similar sequence of reactions occurs in the 
human gastromtestinal tract ^ The enzyme designated pancreatic lipase 
appears to be ‘pccifit for the rcnio\ul of fatty arid residues linked to the 
primary hydroxyl groups (at the a- and a'-positions) of glycerol It 
probable that another enzyme effects the clcai age of the 2 -nionogiycerides 
to complete the sequence shown m Fig 1 
E\idcnce has been presented for the occurrence of Upases in larioua 
animal tissues (lung, placenta etc), m ‘^ecds (castor bean, soybean),'' 

IS S -nfmstMn and A M WjnDf, J Biol Chem, 112, 641 (1936), V Schf^a- 
hevder and K "Volci^artz, Emymologia, 11, 178 (1944) 

2 A K Balls md M B Matlack J Biol Cketn, 123, 679 (19^8) 

II Mattson andL W Beck,/ B»ol CAem, 214, 115 (1955) , 219, 735 
P Sa\ar> and P DesnucHe, Biochitn el Btophya Ada, 21, 349 (1956) 

II Blankenhorn and E H Ahrfns, Jr, / Biol Chem, 212, 69 (IS'JS), 
R S Harris et al , J Cbn Invest, 34, 685 (1951) 

V Singer and B II J Hofstee, Arch Bwchem, 18, 229, 245 (I9*S), 
E Bamann et al , Biochem Z , 325, 170 (1934) 

574 



CHEMISTRY OF FATS AND PHOSPHOLIPIDS 573 

(smlic acid), a characteristic constituent of some miicoproteins, is shoun 
on p 420 

Analjtical procedures for the determination of phospholipids and 
sphingolipids in tissues haac been de\cIoped bj Schmidt ct al and 
impro\ ed methods for the isolation of purified cerebrosidcs and ganglio- 
sides ha\ e been described 


Lipoproteins 

Much of the lipid material of mammalian plasma is bound to protein 
in the form of lipoproteins,"* which migrate clectrophoreticallj with the 
ai- and /?i-globulin fractions (p 106) of plasma and arc therefore termed 
ai- and /3i -lipoproteins The lipid constituents of these conjugated 

proteins are largelj choksterol c-^ters (p 621) and phospholipids The 
major fattj acid components arc stearic, palmitic, and oleic acids, some 
lipoprotein fractions of plasma also contain palmitolcic, Jinoleic, or 
arachidonic acid Although m the plasma of mammals (man, dog, 
beef, pig) nearly all the phospholipid contains chohnt, and is therefore 
largcl} composed of Iccithms and spliingonnclins, bird plasma contains 
a much larger proportion of cephahne The total pln«mn phospholipid 
of \nrious spcciea is about 150 to 200 mg per 100 cc 
Intracellular lipoproteins arc probablj cxtrcmclj important m the 
maintenance of the structural and functional intcgrih of multicnzjrae 
systems m particulate elements of cells (eg, mitochondria of liver cells 
and the grana of chloroplasts) Among the lipoproteins ma\ be included 
the hpoMtelhn of egg >olk, this conjugated protein contains approxi- 
raatch 18 per cent of pho-jihohpid It mij be noted aho that brain 
ti«i>uc contains, in addition to dipho«phoinositidc (p 570), inositol bound 
to protein 

-2G ^rhmuU tl J Hwl Chevt^ Ktft, 505 (lOiC) 

-3 N S Ratlin cl al J Hiol Chem 217, 7S9 (1955), 219, 977 (l9oG), L S\eii- 
nerliolm Aeta Chttn Scand C, llOi^ (19ai) 

•-'I ClnrpifT li/tanr<« m prolctn Chem 1, 1 (1911) 

•-J I OncIr> }!nncy Lcclurct, 50, 71 (19oG> 

■’'‘G \ Gillic« rt il J Atn Chem Soe , 78, 4103 (19oC) 

Milcrton nml II I 4c<nW 4rfA liutchcm^ 8, 415 (1915) 

■'^I N IcRirnn nn'l J Folch J ArariwAr/n I, lOI (lOoO) 
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lipoprotein lipase and by a similar enzyme present m tbe plasma of 
animals treated v,itli heparin (p 425) ® Indeed, this enzyme was detected 
in blood in the course of a search for the “clearing factor" that appears 
after the intravenous injection of heparin, and that is responsible the 
disappearance of the plasma turbidity associated with fat absorption 
(alimentary hpemia) It has been concluded, therefore, that the clear- 
ing factor found m plasma is a lipoprotein lipase released from the tissues 
by the action of heparin 

It IS customary to distinguish the lipases from the so-called simple 
esterases (found in manj tissues of animals) on the basis of the ability 
of the latter to hydrolyze rapidly substrates such as ethyl butyrate, but 
to act slowly, if at all, on triglycerides Partially purified esterase prep- 
arations have been obtained from liver by numerous investigators” 
Such Intr esterase preparations (and those from pancreas and intestinal 
mucosa) have a broad specificity in respect to the nature of the fattj 
acid and the alcohol from which the ester is derived*- In particular, 
esterase preparations from these animal tissues hydrolyze the fattj 
acid esters of cholesterol (p 621),** the name “cholesterol esterase" has 
been applied to this enzymic activity, but its separate identity has not 
been established The characterization of the specificity of many 
esterase preparations described in the literature must await their further 
purification The action of such purified esterases on thiol esters 
(KCO — SK') will be of special interest in relation to the thiol esterase 
(‘ dcacylase") activity found in many tissues 
Although the action of the lipa^jes and esterases results in extensive 
hydrolysis of ester linkages, reversal of hydrolysis may readily be dem- 
onstrated with the appropriate fatty acid and alcohol as starting 
materials This synthetic action of the ester-hydrolyzing enzymes was 
first shown by Kastle and Loevenhart in 1900, and has been extensively 
studied by a number of investigators** Esterases aho can catalyze the 
replacement of a component of an ester linkage m a “transcsterification 

® G A Overbf ek and J Van dcr Vjts Btochem J , 60, 665 (1955) 
v®P T Hahn, Swcncc, 98, 19 (1913), D S Robinson and J E French, 
i Expll Physiol, 38, 233 (1953), H Engelbcrg, J Btol Chem 222, 601 (1956) 
1* J S Falconer and D B Tajlor, Biocfcew J , 40, 831 (1946), VV^ RI Connors 
et al , J Biol Chem, 184, 29 (19o0), J Burch, Biochcm J, 58, 415 (1954), 
59, 97 (1935) 

12 B H J Hofstee, J Biol Chem , 199, 357, 365 (1952) , 207, 219 (1951) . W ^ 
Aldndge, Bwchem J, 57, 692 (1954) 

'2 J E Bvron et al , J Biol Chem , 205, 483 (1953) , H H Hernandez and I 
ChaAoR tbtd , 228, 447 (1957) 

P Rona and U Ammon, Biocftem F , 249, 446 (1932) , E A S>m, Btocftem Jn 
30, 609 (1936), E Schreibcr, Z physiol Chem, 276, 56 (1942) 
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and m fungi At alkaline pH % alucs, the rate of lipase action is increased 
bj the addition of proteins (albumins), soaps (sodium salts of long-cham 
fatt} acids), or bile salts (sodium salts of ghcocholic and taurocholic 
acids, p 633) These substances sor\e to di-spersc (cmulsifj) the tri- 
glycerides in aqueous solutions, and therefore arc presumed to fa\or 



fig 1 rrobal)\e Traction *f<jucncc m tUc complete U>tlTol>‘'ia of tngbemdes by 
pincrcatic lipa«c^ 

cnz)ino'«ubstratc combination' It his also been suggested that one 
function of tlic bile ‘•alts secrctc<l into the «mall intc-tinc is to lower the 
pll optimum of jiancrcatic lipa«c to i a due more nearly equal to the /iH 
of the mttstinul contenU " C dcuim Jon« actu tte lipa«o, pre-umahK by 
rcmotal of tbo «tronpl\ inliibitor\ fatty icid‘5 a*: insoluble calcium salts 
‘^omc animal ti'-*'Ut‘5 ipjicar to contain uunzyme (“bjioprotcin Iipa=c ’) 
tlmt let'' on Inghctridi- onl\ when thc\ irc a-'ociatid with proteins 
V ‘■ub'tratc for tin*' enzanu iiny be pujiartd l>\ combining natur'il 
trigKcori'Ic=! (eg, coconut oil) avith the «i-hpoprotcin (p o73) of human 
In itment of '•wrh \ Iqml-protun complex with a lipoprotein 
lip I'c jircj) ir itinn (from rit lu irt) oiuk'' the liber ition of free fatt\ 
acid" pro'um ibh tin nj-lij>oprotcin is rogciur itccl " Similar lipid- 
protem compIcM" occur in blooil a" “clnlomicrori"” (tm\ drojikt" or 
pirtuh" with i (b umter of about 1 |d after the ingc'tion and ab'orption 
of fit" llu trighciridc" of cb\Iomirron" arc Indrohzcd b\ the heart 

^ 1 "v honlif Mp r ati'i K \<iPn «rt* Irfn l’h\/ lof ^fxn<{ 9, 57 (191^) 

*11 IP'T Irum //i<ir/.tri ct lunyhyt \ctii 13 119(1051) 

*1 1) Kom J Itwl C/tfrn.gll 1,15(1055) 
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of other alcohols, but, m contrast to the behavior of acetylcholinesterase, 
the hydrolytic actuity increases as the fatty acid chain is lengthened 
This type of enzyme has been termed “pscudocholine esterase ’* 

Both acetylcholinesterase and pscudocholinc esterase are strongly 
inhibited by the alkaloids cscrinc (also termed physostigminc) , prostig- 
mine, and atropine (p 800) at le\cls of 10“® ilf rsith respect to the 
inhibitor Both esterases arc inhibited noncompetitively by diisopropyl 
fluorophosphate (p 261), but they differ in tbcir sensitivity to other 
inhibitors 


»c«tykboUBt$teT»«e 


Acetylcholine 


Acetate + Choline 


Acetyl-CoA 


The biosynthesis of acetylcholine in nerve tissues probably occurs by 
the reaction of atctyl-coenzymc A (p 482) with choline, and is catalyzed 
by the enzyme chohne acetylasc, as shown m the accompanying scheme 

Enzymic Hydrolysis ol Phospholipids** 

In the course of the digestion of lecithin in the gastrointestinal tract of 
higher animah, the two fatty aeid residues apparently can be removed 
through the enzymic action of pancreatic juice The pancieatic enzymes 
responsible for this action ha\e not been purified appreciably, but it 
appears likely that the same enzymes act on phosphatidylcholine (a- 
lecithin) and on the phospholipids containing aminoethanol or serine 
Tor this reason, the name “phospholipase" is moro descriptive of the 
action of such enzymes than is the older term “lecithinase " The 
specific icmoval of the fatty acid linked to the primary liydrovyl gro^P 
of glycerol results in the formation of a product (lysolecithm) that i? 
strongly hemolytic, this hydrolytic action is attributed to the enzyme 
phospholipase A (Iccithmasc A),~ which is found not only in animal and 
plant tissues, but also in microorganisms, snake \cnom, bee sting'll 
and scorpion venom The harmful physiological effects of these \enoms 

20 I Bergmann and R Segal, Btochim el Bxopkys Acta, 16, 513 (1955) 

21 1 L ChaikoCC and G W Brown, Jr , m D M Greenberg Chettucal 
of Metabolism, Vol I, Chapter 7, Academic Press, New York, 1954 
22 D J Hanahan, J Biol Chertt , 207. 879 (1954) 
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reaction,^® replacement reactions of this t>pe are analogous to those 
catalyzed bj other iijdrolases (p 273) 

RCOOR' + R"OH ^ RCOOR" + R^OH 

Application of the isotope technique to the studj of tlie digestion of 
tngljcendes in the rat and the human*® has shonn that tins process 
includes both the hjdroljsis of gljcendcs and the formation of new 
glycerol esters The newly formed ester bonds ma> arise bj synthesis 
(eg, the condensation of a C*^-Iabclcd fattj acid with a digljceride to 
jield a trigljccride) and bj transesterification (eg, a labeled fatt> acid 
replaces an unlabclod acid in a preformed gljccnde) It maj be added 
that, during digestion, not onh 2-monogIjctrides (cf Fig 1), but also 
l-monogl}ccrides appear in the intestinal tract, the mechanism for the 
formation of the latter compounds is uncertain It is unlikelj that 
significint amounts of either t>pc of monogl\ccridc an&c hj direct 
condensation of a free fatt\ acid and free gljcorol, since gljccrol is not 
incorporated into gljccndcs under conditions simulating those within 
the ihgcsti\e tract 

Acetylcholinesterase Mention may be made at this point of the 
nbilitj of the extracts of man\ animal tissues to hydrolyze the ester 
acety Ichohnc 

CIIaCO-OCHaCH^NiCHa)! + H5O -» 

CH 3 COOH + H0CH2CH2X(CH3)3 
Interest in the esterases responsible for this action arises from the role of 
acetylcholine as a chemical transmitter of ncr\c utimuli,*® ncr\e tissue 
contains an enzyme acct\lcholmc»terase (or choline estcra«c) which 
citalyzcs tlic liydrolysis of acetylcholine*® AcctyJfholjnc*ttrnsc also 
hxdroKzcs projuony Ichohnc but has little if an\ actiMty toward sub- 
‘>tratc» lontaining 1 irger futt\ nt\I groups or alcohols other than chohnt 
The enzyme occur** in all condiictnc tis«;ucs examined and al«o in 
crythroexte- Thc-c and other animal tisMits (serum, Ii\cr, pancreas) 
contain cnzyiiiis that liMlrohzt t‘-tcr- of choline more rapidly th in e-ters 

‘’C A ^\ll■'tnru!G Ma. Ivinnej J lho\ CArni , 133, 551 (1010), B Borg-^trom, 
\Tch Kutchtvi <[n<l /{uijWij/k 19, 2(>S 

*''11 Borp'trutii, Iliiirhim rt Ihophpi Acta 13, 191 (19»1) I H Alircni, Jr, 
nii<l B Borg trom J Hint tfirm 219, CCS (1956) 

>■ K Brmliiril rt nl Ifrli Chtm Aeta 35, HOI (lOSJ) U Rfi«<rrtn! J Uiol 
f/on 191, 131 (10o2) 

*•* 1) Nnrlimia'olm //artcy lAClun 19, 57 (|a>5) C O Holil> /‘/lyuol An* 
37 1% (ino7) 

*" K B \upj in J B '^uiimtr ami K XHilurk T/ir /■n•ytllrs Clnj.tfr 

1(1 \ri(!, mie I’rr»- NfwXork I'lW I) Narljminvilin rt al, J Cfinn 171 
2IT (laisi ino raa (io,o) ’ 
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phospholipase C, although phosphorylchohnc is a normal constituent of 
this tissue"’ 

Another type of phospholipase, found in the tissues of higher plants"® 
(carrot, cabbage, cottonseed), h>drolyze8 pho&phatidjlcholmc, phospha 
tidylammoethanol, and phosphatidyfscrme to yield an a-phosphabdic 
acid (p 567) and a free base It has been termed phospholipase D {or 
phosphatidase C) 

The phospholipases A, C, and D inhibit electron transport from suc- 
cinate to cytochrome c if added to a succinoxidasc preparation,^ tlu^ 
effect indicates the importance of phospholipids in the maintenance of 
the functional integrity of the respiratory chain in mitochondria (cf 
p 359) 

As indicated above, the action of lysolecithmase leads to the formation 
of glycerylphosphorylchohnc, as rvell as the analogous compounds con- 
taining ammocthanol or senne Little is kno^n about the mechanisms 
whereby these substances arc metabolized further in the intestinal tract 
of higher animals However, thc> arc cleaved to L-a-glyccrophosphate 
and the corresponding base by extracts of some animal tissues (e g , wt 
liver) , this hydrolysis has been attributed to an enzyme named “gl>ccrjh 
phosphorylcholmc dicsterase A similar enzyme is present in the 
bacterium Scrratia pUjmuthxcum, which also contains a phospholipase A 
and a lysolecithmase, thus enabling the organism to form glyccrophos 
pliate and choline or arainoethanol from lecithins and cephalins^’ 


Phosphatases 

a-Glyccrophosphatc is a substrate for several of the phosphatases, and 
it may be appropriate to discuss these enzymes in this chapter, although 
they are also important participants m the metabolism of carbohjdratcs, 
nucleic acids and nucleotides, and phosphoprotcins The phosphatases 
represent a very large group of enzymes that act on a variety of phos- 
phate esters ,22 usually separated into the following general 

groups (1) phosphomonocsterascs hydrolyze monoesters of phosphoric 

27R M C Dawson, fiiocAcm 7,60*325 (1055) 

“D J Hanahim and I L ChaikoII, J Biol Chem, 172, Wl (WfS), H L 
rookey and A K Balls, ibid, 218, 213 (W56), M Kates Conad J Btochm 
Bhynol , 34, 067 (1956) 

7“ S W Edwards and E G Ball, J Biol Ckcm , 209, 619 (1954) , H L TooltJ 
and A K Balls ibid , 220, 15 (1956) 

2® R M C Dawson, Riocftcm 7,62,660 (1056} 

2® O Ha>ai8hi and A Koroberg, 7 Biol Chem, 206, 647 (1954) 

223 Roche, in J B Sumner and K Mjrbdck, Tfte Bnrymes, Chapter 11, Acadetnw 

Press, New York, 1950 
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IS thought to be c'luccd l)^ the action of pho'sphohp'ise \ The ll^ droh tic 
remo\ 'll of the fitt\ ncid rcMilut of K'-oIccithin de-trojs its hcmol\tic 
power, till's h\drol\t'i« is attributed to the cnz\mc 1\ solccithmaec (I>so- 
Iecithina«c li, pho'phohpa't IJI found in man\ miiinl and plant tis-ucs 
iind m imcroorg ini«ni« ‘''iiaki \tnoin p!io-phohpa«c V lias been U'od 
for the prcjnratinn, from lecithin*' of known ‘»tructurc, of specific 
l\tolccitliin«, tlic'c in i\ be <on\ertcd to i -«-gl\ cerj Ipho'phora Icholme 
bN the 1\ ‘•olccithinato of the inohl Pcmctllwm twlntum 


ai200CR 

RCOOCII 0 

I II 

aiaO— P— 0” 

OCir2Cll2N(CH3)j 

tt-lxothin 


n>o<phAlipft*« A 


RCOOH 



CH2OH 

RCOOCH 0 

I 11 

CH 2 O— P— 0“ 

OCH2CTl2N(C»3)3 
Lj'MtfcjlMn 


atjOH 

Hoai 0 

I » . 

CH20— r— 0 

) 4 

oai2a!2N(a!3)3 


ncferLiico will lx found in tin older litirituri to \ "Iccithina^e IJ* , 
liter work ‘•howtd ihnt tiu prepiration- *-o tU'igniteil cent iirifd both 
pho'phnlip iH A iiid h -oUntlun i'-( IIowiMr, annthtr pho'iiholijn-t 
occur** in ininnnilmn brun, **nnkt Miioin** ami in tin toxin of the 
nnurolm microorg iin m f foetrjdoon uclcfm (the gis gingnne liicil- 
lu**) * I III- tnZMiH liMlrohzi** pho ph itid\ Ichnhm to phn''p!iorx I- 
chohnt iml i dikhundi, and d^o act** on ‘‘phinconudin (p ’)7n to 
product pho phorx It hohm but tiot'i not nt* ick otlnr plio'j)liohpid« 
t (ipliihn**, In - olirithiii'*, pKurx Ipho'phorx Ichnlnn , rertbro idt**) 

It ni i\ hi ttrincl pho i»ht>hp 1 1 ( but it In^ bun nferntl to Iin n 
N irntN of othtr nmu** (( I i/cfr/m hcithmi''( or « toxin pKtiropho— 
pb it I't . luithinii III tin mzNim «p|M ir- to 1 m iclui in tflnr- 
itlimol cohitnm Sppirtntlx in imiinli in h\tr dm ' not cont iin a 

'Ml J lltml.n .1 n1 J Hul i/.M 206 «l (|'•,|) p XJ C I)tw<*oi 

In > ) M J 61 p»’ tl'i/,) 

• M I r rl nr 1 I) J u in J /.> ' 1 220 1 (l'< V,l 

XI (. XInff-,th , I p { J I, Knitrli! /’jifflrrj y, 33, Ks| (ia||) 

-'Mt M y, 12 I) J Xrrrairf, 

y in Ch^ “ft jk,m 
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for nudcosidc-3'-phosphatcs A third is fructosc-l,6-diphosphatase 
(p 461), which hydrolyzes fnictose-l,6-diphosphate to fructose-6-phos- 
phatc None of these enzymes appears to act to an appreciable extent 
on phosphomonoesters such as ^-glycerophosphate 
In addition to the "alkaline phosphatases," a number of enzymes, 
found m animal and plant tissues, act optimally on monoesters of phos- 
phoric acid at pH \alues near 5 These arc usually termed "acid 
phosphatases " An especially^ rich source of acid phosphatase is the 
Imman prostate gland, from which the enzyme has been purified It is 
also abundant in seminal fluid ■‘® Phosphorjdcholme is an important 
natural substrate of this enzyme, but it hydrolyzes many other phospho- 
monoester‘5, including nucleoside-3'-pbosphatcs and 0-phosphosenne In 
contrast to the alkaline phosphomonocslerascs, the enzymes having an 
acid pH optimum do not appear to be dependent on for their 

activity An enzyme that has been considered to be an acid phospho- 
monocsterasc is "phosphoprotem phosphatase" (present m animal 
tissues) which effects the liberation of inorganic phosphate from 
phosphoprotems such as casein or phos\utin (p 66) , however, partially 
purified preparations of this enzyme do not hydrolyze glycerophosphate 
or 0-phosphosetine It is of interest that such preparations are active 
toward phosphoamides teg, creatine phosphate, amidophosphate) , but 
the interpretation of this finding in relation to the ‘‘pcnficity of phospho- 
protem phosphatase must await its further purification 
Seieral of the phosphomonocsterascs catalyze condensation reactions 
m which ester linkages are synthesized Thus Kay^- has shown that at 
high glycerol concentrations appreciable amounts of inorganic phosphate 
are estenfied in the presence of intestinal phosphatase 
Acid and alkaline phosphomonocsterascs catalyze replacement reac- 
tions in which a phosphate group is transferred from one alcohol to 
another, or from a phosphoamidc to an alcohol ■** Thus the enzyme 
prep iration that hydrolyzes phcnylphosphate can also catalyze the 
transfer of the phosphate to the 6-hydroxyI of glucose Such enzyme- 
catalyzed transphosphorylations by enzymes, usually classified as 
"hydrolases,” are comparable to the transgly cosidation (p 451) and 
transcstenfication (p 576) reactions discussed previously, and to trans- 

38 L Shunter and N 0 Kaplan, J Biol Chem, 201, 535 (1953) 

39 M I ondon et al , J Bwl Chem , 216, 81 (1955) 

■•OF Lund(iui3t, Ada Phytiol Scand, 14, 263 (1947) 

•♦IT A Sundararajan and P S Sanna, Biocltem J , 56, 125 (1954), M F Singer 
and J S Fruton J Biot Chem , 229, 111 (1957) 

«1I D Ka>, Physiol iien«,12,384(1932) 

^3 B Axelrod J Biol Chem, 172, 1 (1948), Adtancea in Emymol , 17f 15!) 
'1956), H Green and O Me>erhof / Btol Chem 197 347 (1952) R K Morton 
Nolwre 172, 65 (19o3) 
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acid, 

RO— FO3H2 + HoO -> ROH + H5PO4 

(2) phosphodiesterases hjdrolyzc diesters of phosphoric acid at one of 
the ester linkages, 

RO— P(0) (OH)— OR' + H2O ROH + R'O— PO3H2 

(3) pyrophosphatases hydrolyze the pyrophosphate linkage of salts of 
pyrophosphoric acid and of pyrophosphate esters, 

RO— P(0) (OH)— 0— P{0) (OH)— OR' + HoO 

RO— PO3H2 + R'O— PO3H0 

and (4) metaphosphatases hydrolyze metaphosphates [(HP03)fl} 

The pho^phomonocsterases ha\ c been studied cxtensu ely , and a number 
of distinct enzymes of this group are known The best-characterized 
phosphomonocstcrascs arc those found m blood plasma, milk, intestinal 
mucosa, and bone, these enzymes act optimally at pH \alues near 9 and 
are therefore termed “alkaline phosphatases”^^ The work of Robison 
and others during the period 1922 to 1930 provided strong cMdenco for 
the participation of alkaline phosphatase in bone formation, the enzymic 
hydrolysis of organic phosphates m the presence of calcium 10ns is gen- 
erally belle^ ed to cause the deposition of the calcium phosphate in the 
bones of growing animals Extensa c purification of the alkaline phos- 
phatases of intestinal mucosa and of milk has been reported®^ Most 
of the known alkaline phosphatases, after partial purification, require the 
presence of di\alent cations sucli as Wg2+ for enzymic actmtv, and are 
inhibited by phosphate The purified preparations from milk and 
intestinal mucosa hydrolyze not only a variety of monocsters of phos- 
phoric acid (eg, ^-glycerophosphate, p-nitropheny Iphosphate, glucose- 
G-phosphate, etc ) but also phosphocnolpyru\ate (p 378) and 
phosphoamidcs such as creatme phosphate (p 379) 

A number of alkaline phosphomonoesterascs appear to be extremely 
specific in their action Among these is the enzyme 5'-nuclcotidase,®^ 
^\ Inch is found m seminal fluid and in snake \ cnom, and w Inch hy droly zes 
\anous nuclcosidc-6'-phosphatcs to the corresponding nucleosides (p 
187) Another is the 3'-nucIeotidase (from rye grass), which is specific 

33 J Roche -ind N-% Thoii, Advances m Emymol , 10, 83 (1950) 

3«F Moog Iltol lleis 21,41 (1916) 

3j G Schmidt and S J Thannliauoer J Biol Chem , 149, 309 (1913), R K 
Morton Biochcm J 55, 795 (1953), 57, 595 (1951) 

33 R K Morton Biochcm 7,61,232 210 (1955) 

3T L A Hcppcl and R J Ililmoe J Biol Chem, 188, C65 (1951), R 0 Hurst 
and G C Butler, ibxd . 193, 91 (1951) 
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phatases is less well characterized It should be added that the term 
“metaphosphate,” as applied to inorganic polyphosphates obtained from 
microorganisms and insects, frequently refers not only to cyclic com- 
pounds, but also to linear polyphosphates in which three or more 
phosphoryl groups are joined A -variety of such linear compounds, 
ranging from triphosphate to heptaphosphate, as nell as more highly 
polymerized polyphosphates, are present in yeast A possible route for 
the biosi nthesifc. of such polyphosphates is suggested by the finding that 
Escherichia coh contains an enzyme system that catalyzes the sjnthesis 
of a long-chain metaphosphate from ATP, the latter is converted to 
ADPw 


The Intestinal Absorption of Fats and Phospholipids 

According to the view offered by Verzar and earlier workers,®^ the 
absorption of the fattj acids follows the intestinal hydrolysis of fats, and 
this absorption is aided b> the bile salts In the intestinal wall the fatty 
acids are recombined Vrith glycerol to form neutral fats, and in this 
synthetic reaction the phospholipids are believed to serve as intermediates 
Doubt about the role of phospholipids in absorption comes from the work 
of Zilversmit et al who showed that in the dog neither the amount nor 
the rate of turnover of isotopicully (P 32 ) labeled phospholipid m the 
intestinal walls -was influenced by the absorption of neutral fats (cream, 
corn oil) or fatty acids (from com oil) 

An alternative view , proposed by Frazer,®® arose from the observation 
that the detergent sodium cctjl sulfonate [CH-j(CH2)i4CH20S03l;^a] 
forms a fine emulsion of neutral fats in water but also inhibits lipase 
action Since the introduction of an emulsion of a fat w ith the detergent 
into the duodenum led to intestinal absorption of the fat, Frazer 
advanced the hypothesis that, if neutral fat is present m a highly 
emulsified state, appreciable quantities may be absorbed without prior 
hydrolysis According to this view, the bile salts are the natural de- 
tergents and facilitate the entrance of the fats into the lymph vessels 
(lacteals) Estimates of the fat content of human lymph (in the thoracic 
duct) have been made, and they suggest that perhaps one half of the 
ingested fat enters the lymphatic system, the rest is presumed to go 
directly to the liver via the portal blood 

52 K Lohmann and P Langen, Biorhem Z , 328, 1 (1956) 

53 A Komberg et al Biochim et Biophys Acta, 20, 215 (1956) 

F Verzar and E J McDougall, Absorption from the Intestine, Longmans, 
Green and Co , London 1936 
53 D B Zdveremitetal,/ Biol C/tem , 172, 637 (1948) 

5« A C Frazer, Physiol Revs, 26, !(» (1916) 
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amidation reactions, in^ohing CO — NH bonds, to be considered in 
Chapter 29 

RO— PO 3 H 2 + R'OH ^ R'O— PO 3 H 2 + ROH 


The phosphodiesterases include the liver gljcerjlphosphorylcholine 
diesterase mentioned abo\e, similar enzjmes that liberate n-a-gljcero- 
phosphate and a base from their substrates have been identified in many 
animal and plant tissues and in some microorganisms Other phospho- 
diesterases are the snake \enom diesterase that acts on synthetic 
substrates such as diphenylphosphate [(C 6 H 50 ) 2 P 02 H] or on oligo- 
nucleotides,^^ nbonuclease and related enzymes from animal tissues,^^ 
and the phospholipases C and D The liberation of an inositol mono- 
phosphate from diphosphoinositidc (p 570) by extracts of brain is 
probablj effected bj a phosphodiesterase^*’ 

Among the cnzjmes that bjdroljze p>rophosphates is a >east pyro- 
phosphatase specific for inorganic pyrophosphate, this enzyme has been 
crystallized by Kunitz ” Mention was made previously of the various 
enzymes tliat hydrolyze tlic pyrophosphate linkages of ATP (cf p 489), 
and of the pyrophosphatase that cleaves dinucleotidcs such as DPN and 
FAD (cf p 336), the latter enzyme may also be responsible for the 
cleavage of XJDPG^® (p 205) and of coenzyme A^** (p 206) at the 
pyrophosphate bond 

Metaphosphatases have been found m molds, yeasts, and some bacteria, 
as well as in various animal tissues-** A yeast tnmetaphosphatase 


O — 
OH 


OH OH OH 


hydrolyzes cyclic trimetaphosphatc (which has been isolated from yeast) 
to the linear triphosphate, which is degraded by yeast pyrophosphatases 
to three molecules of orthophosphate** The action of other metaphos- 


RI Prjvnt de Garillie and M LasKow&ki, Bxochim et Biopkys Ada, 18, 370 
(1955) 

■‘•'LA Hcppel and P R VV'hjtfeld Biochem J , 60, 1 (1955) 

<®R Rodniglit Dwchem J , 63, 223 (193b) 

■«r RI Kunitz, J Gen Physiol 35, 423 (1952) 

T Park, / Biol Chem , 194, 885 (l<»o2) 

■•“G D ^o^ellletal / Biol Chem 206,533 (1951) 

5*^6 Ingtiman in J B Sumner and Iv Mjrback 'Ihe Enzymes, Chapter 12, 
Academic Press Nen Vork, 1950 

H Mattonlieimer Z physiol Chem, 303, 107 115, 125 (195C), S R Komberg 
/ Biol CAcm,210, 23 (1956) 
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chj lomicrons, \\hose formation by the interaction of absorbed tngljc- 
endes nith the plasma protems is thought to be spontaneous Fattj 
acids derived from dietary hpids may also be present in the circulation 
as components of phospholipids, of cholesterol esters, and of lipoproteins 
A portion of the dietarj fatty acids tvhich enter the blood via the 
Ijmphalic system ma> first reach tissues other than the liver, and he 
deposited in the internal organs or in adipose tissues in the form of 
"depot fat Nevertheless, the liver appears to represent a major site 
of the transformation of fattj acids in higlier animals It must be empha- 
sized, honever, that, both in the adipose tissues and in the hver, the fats 
are in a state of continuous flux, with the fatt> acids moving from fat 
depots to the liver, and vice versa A portion of the total bodj fat is 
oxidized to CO 2 and water, with the liberation of energj When the 
amount of fat in the diet exceeds the amount degraded, it is stored in 
the tissues, and the composition of the bodj fat is a reflection of the 
nature of the dietary fat Thus the admimstration of fwts or oils rich 
m unsaturated fatty acids (soybean oil, peanut oil) leads to the deposi- 
tion of depot fat ’which has a rclativelj high iodine number However, 
onlj the long-chain fatty acids (Cic and higher) appear to be deposited 
m the adipose tissues, the shorter fatty acids (eg, butyric acid) are 
oxidized 

Direct evidence for the incorporation of fatty acids into body fata was 
provided by the classical experiments of Stetten and Schoenheimcr,®® who 

Table ! Incorporation of hotopic Fatty Acid into Body Fats‘S® 


Deuterium, 

Fitt^ Actd atom per cent 

Fed Palmitic 5 7 

Isolated Palmitic 1 38 

Steanc 0 53 

MjTistic 4* launc 0 32 

Palmitoleic 0 36 

Olcjc 0 00 

Dnoleic 0 02 


fed to rats palmitic acid (m the form of its ethjl ester) which had been 
labeled with deuterium After 8 days the animals were sacrificed, and 
several of the fattj acids were isolated from the fats of the carcass 
From the data given in Tabic 1, it will be noted tint the isolated 
palmitic acid contained much more isotope than any of the other fattj 

E Wertheimer and B Shapiro Pkvaol Revt , 28, 451 (1&18) 

“ II C EcLitein J Bwl Chem , 84, 333 (1929) 

‘^D Stetten, Jr.and R Sdioenheimer J Biol Chem 133 329 (1910) 
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The de\elopment of a relatnelj simple procedure for the collection of 
intestinal or thoracic Ijmph” combined t^ith the use of isotopic com- 
pounds, has provided improved methods for the stud> of the absorption 
of lipids Studies performed by several investigators have shown that 
complete hvdroljsis of gljcendes is not essential for the absorption of 
their constituent fattj acids (see Frazer®'*) , some glj cerides (tri-, di-, and 
monoglj cerides) , as well as gljccrol and some free fatty acids, are 
absorbed Free fatt> acids with fewer than 10 carbon atoms appear in 
the portal blood, and are transported to the liver®® The fatty acids 
having longer chains are absorbed into the Ijmph, with concomitant 
conversion to tnglj cerides and, to a lesser extent, to phospholipids,®® 
these are transported by the I>mph to the blood All the higher fatt> 
acids (both saturated and unsaturated) that have been examined are 
absorbed m the same manner, whether they enter the gastrointestinal 
tract as free fattj acids or as triglv cerides The incorporation of fatty 
acids into glycerides bj condensation or by transfer reactions occurs 
during their passage through the intestinal wall, as well as in the course 
of digestion in the intestine The mechanism whereby the esterification 
observed during absorption is effected has not been elucidated, and the 
possibility exists that enzjmes other than lipases ma> be involved 
Like the trigljccndcs, pliosphohpids need not be h>droljzed com- 
pletely prior to absorption, and significant amounts of ingested phospho- 
lipids enter the lymph without hjdrol>sis of the bonds between glycerol 
and faU> acids or phosphate®® When higher fatt> acids are fed m the 
form of phospholipid, tlicj arc found m the thoracic l>mph in gl> cerides 
and m phospliohpids, indicating that in part the same mechanism applies 
as m tlie digestion and absorption of free fatty acids or of triglycerides 
However, tlicrc appears to be a prcftrcntial absorption of the phospholipid 
fattj acids in the form of intact phospholipid 

Deposition of Fats in Animal Tissues 
It will be clear from the above that in higher animals the absorbed 
lipids either enter the portal circulation dircctl> or find their waj into 
the sjstcmic circulation bj waj of the Ijmphatics and the subclavian 
veins In tlic blood the lipids appear to be transported in large part as 

J L Bollman ct al , J Lab Clin Mfd, 33, 1319 (1918) 

A C Frircr, KahiTC, 175, 191 (1055) 

B Bloom et al , Am J Phynol, 166, -151 (1931) 

BorRstrom Ada Ckcm Scand 5,613 (1951) 

S BcrB«trom ct al liiochcm J , 58, CCX) 601 (1954) 

02 B BorR^trum J Ihol Chem , 214, C71 (1935) 

«B Bloom cl al, Am J Phy^tul 177, 81 (1954) , B Blomstrand, Ado B/tvjio/ 
Senru/, 31, 147, 15S (19o5) 
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focused attention on choline as a substance which prevents fatty infiltra- 
tion of the liver, sucli substances were termed “lipotropic” materials 
Subsequent studies showed that methionine, or proteins rclativelj rich 
m methionine, also everted a lipotropic action It has been found that 
normal animals maintained on diets deficient m choline and methionine 
may develop fatty livers As will be seen from the later discussion 
dealing with the metabolic interrelationship of choline and methionine 
(Chapter 32), the lipotropic action of the ammo acid is probably due to 
its role in the synthesis of choline Other compounds which may bear 
a close metabolic relationship to chohne (e g , betaine) , or ma> be related 



and proteins 

FJg 2 Interre]ation«'hips m fat metabolism of higher animals 

only through a complex senes of metabolic reactions {e g , v'anous protein 
ammo acids, vitamin Bia), also exhibit lipotropic properties It will be 
evident that fatty infiltration of the liver can have a number of ap- 
parentlj unrelated causes, and that the prevention or cure of this 
abnormahtj probably involves a varictj of biochemical processes’® 

In connection with the role of chohne m lipid metabolism, it is of 
intertst that the rate of formation and breakdown of phospholipids 
(labeled with m the liver of the rat appears to be markedly 
increased bj the administration of chohne The metabolism of phos- 
pholipids in rat brain is considerably slower than in the liver or m tissues 
such as the small intestine or the kidney In the dog and rat, the liver 
IS the principal site of phospliobpid metabolism The biosynthesis of 

•OC H Be&t Fediralxun Proc 9,500 (1950), Proc Rvy i>oc, 145B, 151 (lOaO) 
71 1 Ptrlman nn<{ I L CinikolT J Btol Chem, 327, 211 (1939) 

72 D b Goldman ct nl , J Biot Ckcm, 184, 727 (1950), D B Eilvcrsmit and 
J h BoUmno, Bwchem and Btophys , 6Z, Gi (1956) 
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acids examined Tins finding indicates that a significant propo»-tion of 
the dietarj palmitic acid iMS incorporated into the bodj fats Moreo\er, 
the appearance of an appreciable amount of deuterium in stearic acid 
indicates that a direct elongation of a 16*carbon chain to an 18-carbon 
chain had occurred Furthermore, the isolation of labeled palmitoleic 
acid gave proof of the vieix, long m the literature, that saturated fattj 
acids can in part be converted to unsaturated fatty acids 

Stearic acid ;=i Palmitic acid — » Shorter-chain acids 

. {myristic lawnc) 

•II 'll 

Oleic acid Palmitoleic acid 

In connection nith the dosituration of stearic and palmitic acids to 
the corresponding 9-enoic compounds, it may be mentioned that a “fattj 
acid dehj drogenase” appears to be present in hv or and in other tissues 
It vmU be evident from the data m Table 1 that the Iinoleic acid, whose 
isotope concentration was negligible, could not have arisen from the 
dictarj palmitic acid Therefore, tlic introduction of a second ethcnoid 
group required for the production of Imolcic acid from oleic acid did not 
occur, this IS in agreement with the data of otlicr investigators that 
Iinoleic acid and other liigiil) unsaturated fattj acids cannot be readily 
sjnthesizcd bj the rat and must be supplied in the diet (cf p 560) 

In normal animals the lipid content of the liver is approximatelj 5 per 
cent of the wet wciglit, about one half of this is in the form of neutral 
fat Under certain conditions, however, the fat content of the liver ma> 
rise considorablj , to a point where tlie organ is cliaractcnzed as being 
a "fatt} liver” Thus, during starvation, large amounts of fat are 
mobilized from the depots and transferred to the liver 'When an excess 
of fat IS present in a diet low m carbohv drato, a fatty liver will result 
This effect appears to be induced bj fats rich in long-cham saturated 
fatt} acids, but not bj those rich in the corresponding unsaturated 
acids The feeding of cholesterol also can induce the deposition of 
abnormal amounts of fat in the liver*'* Fattj livers ma> appear as a 
con«cqucncc of liver damage caused by poisoning with carbon tetra- 
chlondt or pho<5phonis, or bv one of a number of pathological conditions 
Of special interest is the induction of fattj h\cr& in dogs bj the surgical 
rcinov il of tlic p mere is The work of Best and his associates during 
the period 1932 to 1935 indicated tint a fattj liver docs not appear if 
chohne IS added to the diet of a dep increatized animal This observ ation 

I\ I me and H Ma^pr Z phj/^ol Chem 262, 120 (lOaO) A Jacob Compl 
ri III! *oc bint 117, 1011 (19d3), Campl nnil near! »cj , 212, 2180 (1956) 

H J Cliannoa cl al , Ihochem J 31, II (1937), 1) A IJcnton tt al J Bwl 
2in, 093 (19^) 

H Uidoiit ct al liiochcm J 53, 297 301,300 (1951) 
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of Fatty Acids 


Oxidation of Fatty Acids ^ 

It has long been hno^n that in many living systems fatly acids are 
oMdizcd to CO2 and nater Examination of the BtoicJuomctnc relation- 
ships in the complete oxidation of a fatty acid such as palmitic acid 
molecular oxjgen shous a respiratory quotient of 16/23 or approx- 
imately 0 7 

C10H32O2 + 23O2 -> I6CO2 + I6H2O 

In fact, nhen an animal la fed a diet consisting predominantly of neutral 
fats, the observed R Q is near 07 It mil be recalled that the motabohe 
oxidation of carbohydrate is characterized by an R Q of approximately 
1 0 The combubtion of palmitic acid is accompanied by a of -—2338 
kcal per mole Clearly, the oxidation of the long-chain fatty acids can 
provide considerable energy 

Acetoacctic acid (CH-iCOCHnCOOH) had been recognized for many 
years as a product of the incomplete oxidation of fatty' acids m the 
mammalian organism, since, as shoivn by Embden in 1906, the perfusion 
of h\er v’lth even-numbered straight-chain fatty acids led to the appear- 
ance of acctoacetic acid and its decarboxylation product, acetone These 
two ketones, together witli I-j3-hydroxybutyric acid (n-^-hydroxy- 
butyric acid), are usually termed ketone {or “acetone”) bodies, they 
are found m appreciable amounts m the blood and urine of diabetic 
animals, including diabetic human subjects In normal animals, ketone 
bodies do not accumulate to an appreciable extent, however, the ad- 
ministration of diets abnormally' high in fat may result in the excretion 

IW C Stadie, Physiol Kevi, 25, 395 (1945), I L Chaikoff and G W Brown, 
Jr^ in D M Greenberg, Chemical Pathways of Metabolism, Vol I, Chapter 7, 
Academic Press. New York, 1954, F Lvnea Ann Rev Biochem, 24, 653 (1955) 
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the phospholipids ^\il! be considered in the following chapter, together 
with the intermediate metabolism of free fattj acids and other constit- 
uents of lipids 

A summary of the interrelationships of the processes in the fat metab- 
olism of higher animals (and se\cral of the factors that may influence 
these processes) is shown schematically in Fig 2 As will be seen later 
(Chapter 38), the rates of these processes are under the control of 
hormones elaborated by the organs of internal secretion 
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v.as the conclusion that onl> \ molecule of acctoacetic acid should be 
formed per molecule of an e\ cn-numbered fatty acid 
In 1915 Hurtlcj suggested that fatty acids tend to fragment into 4- 
carbon units , this hypothesis is frequently termed the “multiple-altemate- 
oxidation” theory On the basis of this theory, a fatly acid such as 
octanoic acid uould be subject to j 8 -oxidation but uould be elea\ed only 
betucen carbons 4 and 5 of the fatty acid molecule 

CH3CH2CH2CH2 CH3CH2OH2COOH 2CH3COCH2COOH 
Neither of the theories outlined above proved to be adequate to explain 
the experimental data of later investigators Of special importance in the 
development of ncu concepts about the oxidation of fatty acids were 
the studies of Jouett and Quastcl- with liver slices They showed that 
the oxidation of fattj acids with 0 , 8 , or 10 carbon atoms gave rise to 
more acctoacetic acid than would be expected on the basis of the /Sf-oxi- 
dation theory , and that fattj acids with 5, 7, or 9 carbon atoms also were 
oxidized with the production of ketone bodies However, since the C® 
acid valeric acid is a gljcogcnic substance (p 493), it must contribute 
a portion of its molecule to pyruvic acid To explain these results, 
MacKay et al ^ suggested tint fatt> acids are cleaved into 2-carbon 
fragments by /3-oxidQtion, and that these fragments condense to form 
acctoacetic acid Thus hcxanoie acid would give rise to 3 Cg units, 
with the formation of 3 equivalents of acctoacetic acid from 2 equivalents 
of the fatty acid^ Similarly, 2 equivalents of valeric acid would be 
cleaved to give 2 Ca units, which would condense to form 1 equivalent of 
acctoacetic acid, and 2 equivalents of pyruvic acid, the pj ruvic acid would 
be available for gljcogcn sjnthcsis This hjpothesis, which has been 
amply supported bj recent experimental data, is termed the “/S-oxidation- 
condcnsation" thoorj' 

2 CH 3 CH 2 CH 2 CH 2 CHsCOOH -> 6 IC 2 ] 3 CH 3 COCH 2 COOH 
2 CH 3 CH 2 CH 2 CHaCOOH 2[Cal + 2 CH 3 COCOOH 
1 

CH3COCH2GOOH 

Another important contribution was that of Wemhouse et a! who 
performed experiments in which isotopic octanoic acid (CtHisC^^OOH) 
was incubated with rat liver slices, and acctoacetic acid was isolated from 
the incubation mixture and analjzed for From the isotope content 
of the carboxji carbon of the octanoic acid (4 4 atom per cent excess C^®), 

2M Jowett and J H Quristcl Bwehem J, 29, 2160 (1935) 

SE M Maclvaj ct al / Biol Ckem, 13S, 157, 136, 503 (1040) 

F Witter etal,/ fltol Cftcm, 185, 637 (1950) 

5S Wcmhouscetal,/ Biol Cfecm , 15S, 143 (1011) 
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of these compounds in the unne and, in some cases, of acetone in the 
expired air 

It ^\as also reported by Embden that the perfusion of Iner ^ith fatty 
acids containing an odd number of carbon atoms did not lead to the 
appearance of ketone bodies (for a further discussion of this finding, see 
p 601) The data from the perfusion experiments were explained on 
the basis of the important \\ork done b> Knoop in 1904 Knoop shoued 
that, if one fed to dogs a series of straight-chain fattj acids ^ ith a phenj 1 
group at the carbon farthest from the carboxjl, the phenyl derivatives 
of the even-numbered fatty acids (phenj Ibutyric acid, etc ) led to the 
excretion in the unne of phen\lacetic acid, whereas the phenyl deriva- 
ti\es of the odd-numbered fittj acids (phen> Ipropionic acid, phenyl- 
valeric acid) ga\e rise to benzoic acid The phen\lacetic acid and 
benzoic acid were present in the unne in tlic form of phcnjlacttjlglycine 
(phenacctunc acid) and of bcnzo> Igljcme (hippuric acid), respectively 
Knoop interpreted this result as evidence for the occurrence, during the 
oxidation of fatt> acids, of the successive removal of 2-carbon units 
after the oxidation of the /8-mcthylene group to a /3-keto group The 
Knoop theory is illustrated schematically for two phcnjlalkyl carboxylic 
acids 

C 6 H 5 CH 2 CH 2 CH 2 COOH 

i 

CfiHfiCHaCOCHsCOOH 

i 

CeHsCHaCOOH -F C2 unit 


I 

CeHsCOOH -F C 2 unit 


CCH5CH2CH2CH2CH2COOH 

i 

CeHsCHaCHgCOCHaCOOH 

I 

C 6 H 5 CH 2 CH 2 COOH -F C 2 unit 

i 

CeHsCOCHzCOOH 


As noted above, the Knoop theory, usuallj termed the /S-o\idation 
thcorj, was applied by Embden in an attempt to explain the appearance 
of ketone bodies from even-numbered fattj acids He supposed that the 
successive removal of two-carbon fragments bj the /3-oxidation of such 
fatty acids would result m the formation of a residual 4-carbon unit, 
this residual unit would then appear in the form of acetoacetic acid or 
one of Its conversion products (jff-hjdroxj butjric acid or acetone) On 
the other hand, the ^-oxidation of an odd-numbered fattj acid would 
according to Embden’s view, give a 3-carbon unit (eg, propionic acid) 
as the residual product An important consequence of this hypothesis 
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CHa group to a COOH, thus forming a long-cbam dicarboxyhc acid ■^htch 
IS then subjected to ^-oxidation from both ends of the fatty acid molecule 
Strong e\idence against this hypothesis has come from more recent 
studies, and at present it appears doubtful 'ohether woxidation plays a 
significant role in the metabolic oxidation of fatt\ acids * How e\ er, fatty 
acids whose structure renders them resistant to oxidatue degradation 
from the carboxy 1 end of the fatty acid chain probably are oxidized by 
a process akin to w-oxidation Thus, when 2,2-dimDthylsteane acid-1- 
was given to rats, about 90 per cent of the absorbed was 
recovered m the unne as diniLtliyladipic acid® 

CH3(CH2)i3[C(CH3)JC'''OOH ^ HOOC(CH2)3!C(CHj)2]C»OOH 

Enzymic Conversion of FaHy Acids to Acetoacetic Acid“ 

A serious difficulty m the early studies of the enzymic mechanisms 
involved m the oxidation of fatty acids m a tissue such as liver was 
the failure to obtain active cell-free preparations Thus, although the 
oxidation of fatty acids to COj and to acctoacctic acid by hver tissue was 
observed by Embdcn in perfusion experiments (1907), little progress 
was made m the elucidation of the mechanism of this oxidation until 
1943, when Munoz and Lcloir'* showed that homogenized guinea pig 
hver could oxidize butyric acid, provided that certain accessory raatenals 
were added These were adenosme-5'-phosphatc, inorganic phosphate, 
Mg^"^, cy*toehrome t, and one of the substrates of the citne acid cycle 
l.eg, sucumc acid) The homogenates obtained by these investigators 
were extremely unstable and did not cause the oxidation ol the higher 
fatty acids (eg, stearic, oleic, and palmitic acids) Subsequently, 
Lchnmgcr*^ was able to separate from homogenized rat liver particulate, 
matter (largely initochondna) which effected the oxidation of saturated 
fatty acids ranging from butyric acid (C4) to stearic acid (Cig) With 
this system, in the presence of ATP, and inorganic phosphate 

(pH 7 4), 1 equivalent of octanoic acid was oxidized quantitatively to 
2 equivalents of acetoacetic acid Tlie first demonstration that the 
CHafCHsleCOOH + 302 2CH3COCHSCOOH + 2HzO 

Octanoic Bcid 

oxidation of fatty acids to acetoacetic acid can be catalyzed by soluble 

8 K Bernhard Hdv Chtm Acta, 24, 1412 0041) 

®S Bergstrom ct al Biochem y,58, 604 (1954) 

10 F Lymcn, Federation Proc, 12, 683 (1053), Harvey Lecture*, 48, 210 (1954). 
r Ljmen and S Ochoa, Biochim ei Biophys Acta, 12, 299 (m), D E Green. 
Stol Jtevs, 29, 330 (1954) 

”J M Munoz and L F Lobir,7 Bwl Chem, 147, 355 (1943) 

«A L Lehnmger. / Biol Chem, 161 , 413 , 437 (1945), 185, 275 (1950) 
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calculations could be made of the isotope contents of the c'irbon\ 1 and 
carbov}! carbons (of the acctoacctic acid) to be expected on the basis 
of each of the three hjpotliescs discussed abo\c These \alues, together 
\Mth the experimental data, arc gixcn in Table 1 The results clcarlv 

Table I Content of Carbonyl and Carboxyl Groups of 

Acetoacetic Acid Derived from Carboxyl Labeled Octanoic Acid^ 

Atom per cent Excess C“ 


Carbonj 1 C Carboxj I C 

Calculated 

^-Oxidation-condensation 11 11 

Multiple alternate oxidation 0 2 2 

^-Oxidation (Knoop-Embden) 0 0 

Found 0 84 0 S3 


fax or the /9-oxidation-condensation hypothesis, and the obserxation that 
the xalues are somenhat loner than those expected nas attributed 
to the presence, in the liter slices, of nonisotopic materials nhich con- 
tributed 2-carbon fragments to the formation of ocotoacetatc This 
nould cause a dilution of the isotope and a consequent lonermg of the 
content of the acetoacetic acid 

The nboxe experiment of Weinhousc et al occupies an important place 
in the sequence of studies of fatty acid oxidation, it must be stressed, 
lion ex er, that the cquixaloncc of isotope content for the carbonyl and 
carbox) 1 carbons of acetoacetic acid (cf Tabic 1 ) has not been confirmed 
Later studies by Gunn and Crandall® shon cd that the ratio of in the 
CO and COOH groups nas less than unity (C^^O C’^OOH" about 
0 7) This result, together nitli other cxidcncc that mil be considered 
later (p G03), has been interpreted to indicite a nonrandom association 
of the Co units formed by the oxidation of c.irbox-y Mabclcd fatty acids 

It 15 generally agreed that m liiglicr animals the formation of aceto- 
acetic acid from fatty acids proceeds niamlx xia a preliminary cloaxage 
into Co units, folloncd by a condensation of two of thc«e units to gixc 
the 4-cnrbon compound Honcxer, there is no conclusive cxidencc to 
eliminate the possibility ’that a tenninal unit max be directly con- 
xerted, in small part, to acetoacetic acid Enzymes that are able to 
perform such a metabolic conxcrsion are knoun to be present m Iixer 
(^cc p G03) 

Reference will be found in the literature to the theorx proposed by 
%erkade’ that fatty acids might be degraded b\ a mechanism mxolxmg 
an initiil woxidation (omega oxidation), le, oxidation of the terminal 

®S Gunn and D I Crandil) Cold Spnng Harbor Sympona Quant Biol 13, 
ns (lOtS) 

•P r ^erk■^<^e Chemutry and industry 57,701 (193S) 
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of ketone bodies (p 605) that liver apparently contains little of this 
(or any other) acctoacetic acid activating system 
Several strains of bacteria (Clostrtdta, Lactobacilli, Escherichia coli) 
lack thiokmascs for acetic acid, and appear to form acetyl-CoA by the 
coupled action of acetokmasc and phosphotranaacet>lase In organisms 


Table 2 Some Eniyme Systems that Catalyze the Formation of 
Acyl-CoA Derivatives 


Enzyme Sjstem Substrates (RCOOH) 

Thiokmascs 

Aceto-Co t-kinase Acetic, propionic, and 
aciylic acids 


Short-chain fatty 
acid activating 
enzyme 


Ijong-oham fatty 
acid activating 
enz>me 

Acetoacetate acti- 
vating enzyme 

Thiophorascs 

Acetjl-Co^ thio- 
phorasc 

Succmvl-CoA 

thiophoMse 


C* to Cit saturated fatty 
acids , 01 , 0 - and / 3 , 7 - 
ethcnoic derivatives and 
^-hjdrovy derivatives of 
Cl and Cfi acids, 
branched-cham C 4 and 
Cj acids 

Cs to Cjj saturated fatt> 
acids, mono-, di-, and 
tnenoic Cja acids 
Acctoacetic acid 


Ca to Cj saturated fatty 
acids, vunjlacctic acid 
C 4 to Cj /J-keto acids 


Some Sources 


Heart, jeast, higher 
plants, Rhodospinllum 
ruhrum 

Liver, heart, higher 
plants 


Liver 


lCidne>, heart, brain, 
jeast 


Closindium kluyvmi 

Heart, skeletal muscle, 
kidnej , adrenal 


such as Clostridium kluyvem, the formation of other fatty acjl-CoA 
derivatives involves the transfer of CoA from acetyl-CoA to the fatty 
acid The enzymes that catalyze such reactions have been termed 

Acel>l-CoA -h RCOOH ^ GH^COOH + ECO-CoA 

“thiophorascs”, the preparation from Cl kluyvem was named “CoA 
transphorasc” (the name ncetyLCoA thiophorase is given in Table 2) 

An analogous reaction occurs in animal tissues, where succinjl-CoA 
(p 505) donates CoA preferentially to j 8 -kelo acids such as acctoacetic 

J R Sloni ct al, A'ofure, 171, 28 {1933) 

R Stadlm-in J Biol Ckem 196, 535 (1952) 

L R Stadim'in J Bwl Chcni 203, SOt (1953) 
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enzjme preparations from luer mitochondria was presented b> Drjsdale 
and Lardj,'^ who showed also that coenzjme A (CoA) is an essential 
cofactor in this process ^^ith either the soluble enzjme sjstem or the 
particulate mitochondrial preparation, the addition of oxaloacetic acid 
(and malonic acid) led to the accumulation of citric acid These findings, 
coupled w ith the obser\ atioii“ that acetoacctic acid is formed from acetj 1 
phosphate and CoA m the presence of phosphotransacetjlase (p 483) 
and of an enzjme preparation from pigeon luer, provided evidence that 
the C 2 unit produced during the oxidation of fattj acids is acetvI-CoA 
The formation of citric acid results from the entrance of acetjl-CoA into 
the citric acid cycle (p 508) 



Citnc sad Acetoacehc acid 


The elucidation of the intermediate steps in the conversion of fattj 
acids to acetjl-CoA and to acctoacctic acid was accomplished during 
tlie period 1950-1955 The sequence of cnzjmic reactions bj which a 
molecule of acetjl-CoA is formed from the a and carboxjl carbon atoms 
of a fattj acid has been termed the “fattj acid cjcle " In what follows, 
the constituent reactions of the cjcic will bo considered in order, and 
attention will be given to the cnzjmcs of liigher plants and micro- 
organisms, as well as to tliosc of animal tissues 

Just as acetic acid must be “activated” bj conversion to acetjl-CoA 
(see p 484) before it can enter the citric acid cjcle, so also must higher 
fatty acids be converted to thiol esters of CoA before thej are oxidized 
V la the fattj acid c> cle In animal tissues, at least three enzj me sj stems 
(termed thiokinascs or fattv acid actuating enzjincs) arc known to 
cataljzc the actuation of saturated fattj acids by the reaction 

vfc»* 

RCOOH -F ATP + CoA RCO-CoA 4* AMP -F pjrophosphate 
These thiokinascs have been differentiated on the basis of their substrate 
specificitj (Table 2) It will be noted that not onij saturated fattj 
acids, but also unsaturated and hjdroxj fattj acids, arc actuated bj 
these enzvmc sj stems, tliej do not appear to net on keto acids A 
separate thiokinasc is known, however, which specificallj actuates 
acctoacctic acid It is of special importance m the over-all metabolism 

*3 G R Dn'sd'ilo and 11 A Lird> J Biol Chem , 202, 119 (1953) 

E R Stadlmnn et al J Biol Chem , 191 , 377 (1951) 
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stereospccific hjdratxon of fumarate to L-malate, cf p 234) The 
h>dro\jbutyrjl-CoA produced isden-ved from dextrorotatory jB-hydroxj- 
butjric acid (d-/3-hydroxjbut5ric acid) Its enantiomorph, 
droxjbutjnc acid, has been sho'Rn to be configurationally related to 
D-Iactic acid {cf p 80), and may therefore be named n-jd-hydroxy- 
butync acid In the literature dealing with the enzymes that act on 
the two /?-h>droxjbut>ne acids and their Co A derivatives, there has 
been some inconsistency because of the failure to distinguish between 
their sign of optical rotation (d or 1) and their configuration (d or l) as 
related to glj ccraldehj de or lactic acid In what follows, d-^-hydrox>- 
butync acid will be denoted L-;3-h>drox> butyric acid, and {-/5-hy- 
droxjbutjnc acid will be denoted D*j^-h> droxj but> ric acid 
Crotonasc has been identified in sexeral animal tissues (Iner, hidnej, 
brain, skeletal muscle) and m \anous microorganisms It has been 
crjstalhzed from ox Iner, and found to ha^e a turnover number of 
1 ,400,000 based on a molecular w eight of 210,000 Crj stalhne crotonase 
catalyzes the ^e^e^slblo hjdration of CoA derivatives of a,)S-unsaturated 
fatty acids having from 4 to 9 carbon atoms, and probabl> acts on 
longer fatty acids as well These substrates may have the trans config- 
uration fas shoun for crotonyl-CoA m the equation on p 597) or the 
CIS configuration, however, the hydration of the cis isomers is slower 
than that of the trans isomers crystalline enzyme also acts on 

branched chain acyl-CoA compounds that are intermediates m the 
oxidative degradation of tlie ammo acids isolcucme, leucme, and vahne 
(Chapter 32) In addition, the enzyme catalyzes relatively slowly the 
liydration of yJ,y-unsaturatcd fatty acyl residues (eg, vinylacctjl-CoA 
and frans-hex-3'cnoyl-CoA) to form the same ^-hydroxy compounds 
that arise from the analogous Q,;3-ethenojd substrates 
The L-^-hydroxy acy l-CoA compounds formed by crotonase are sub- 
strates in the next enzymic reaction of the fatty acid cycle a reversible 
DPN-Imked dehydrogenation leading to the formation of the corre- 
sponding /3-ketoacj l-CoA compound, as shown The enzyme that 
catalyzes this reaction has been identified in liver and heart, and has 

i.-/S-Hydroxybutyryl-CoA + DPN+:?:i 

Acetoacety i-CoA -f BPNH -f H+ 

been named jS-hydroxyacyl-CoA dehydrogenase or /3-oxyacyl dehydro- 
genase, it has also been termed jB-ketoreductasc by Lynen, who first 
observed its action Punfied preparations from beef or sheep liver act 
on CoA derivatives of jS-hydroxy acids of 4 to 12 carbon atoms, and are 

R Slcractal.J Biol CAcm, 218, 971, 935 (1956) 

=»S J 'WaUl Bioehtm ct Btophyi Acta, 19, 497 (1956) 
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Succinyl-CoA + CH3COCH2COOH ^ 

HOOCCHoCHaCOOH + CH3COCH2CO-C0A 


acid The enzyme that catalyzes this reaction is specific for succinyl- 
CoA, it has been named "CoA transferase” (the name succinyl-CoA 
thiophorase is used m Table 2 ) and has been purified appreciably from 
sivine heart 

From the foregoing discussion it is evident that biological systems 
possess enzymic mechanisms for the activation of saturated fattj acids 
of all chain lengths up to 22 carbon atoms Once the CoA derivative 
of a saturated fattv acid is formed, it is susceptible to o\idation b> one 
or more of the catalytic flavoproteins termed acjI-CoA dehydrogenases or 
acyl dehydrogenases (p 344 ) The first such enzyme to be described was 
obtained from sheep liver by Ljnen, who named it ethylene reductase 
and showed that it catalyzes the reversible dehydrogenation of butyryl- 
CoA to form the corresponding a,j8-unsaturated compound crotonyl-CoA 
(irans-but-2-enoyl-CoA) Several different acyl-CoA dehydrogenases 

CH3CH2CH2CO-C0A + FAD CH3CH=CHCO-CoA + FADHg 

hav c been found in liver One of these appears to act most rapidly on 
CoA derivatives of Cg to C12 fatty acids, but also dehydrogenates 
acyl-CoA derivatives of fatty acids with as few as 4 carbon atoms and 
as many as 16 carbon atoms Another enzyme of this group is a green 
copper-flav oprotein that acts preferentially on acyl-CoA derivatives of 
C4 to Cg acids, ^ and a third (named palmityl dehydrogenase) acts on 
CoA derivatives of Co to Cic (and possibly up to C20) fatty acids 

In the next step of the fatty acid cycle, the a.jS-unsaturated compounds 
produced by the action of the acyl-CoA dehydrogenases are converted 
to the corresponding /?-hydroxy compounds by the addition of the ele- 
ments of water across the double bond The enzyme that catalyzes this 
hydration has been termed “crotonasc” or “enoyl hydrase” 


CO— CoA 


CO— CoA 


CH 

11 

HC 


+ H2O; 


CH2 

- I 

HOCH 


CHs 

Croton>l CoV 


CHs 

Ilydn>x>but}ryl CoA 


In the enzymic conversion of crotonyl-CoA to ^-hydro\ybutyryI-CoA 
by ciotonasc, an asymmetric center is introduced (note analogy to the 

^®J R Stern et al / Biol Chem, 221, 1, 15 (1956) 

L Crane et al , 7 Biol CAcm, 218, 701 (1956) 

D E Green ot al , J Biol Chem , 206, 1, 13 (195-1) 

■* J G Haugc ct nl J Biol CAcm , 219, 727 (1936) 
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followed m turn by o^dration, a second dehydrogenation, and thiol>sis 
Although enoyl hjdrases, /J-hydroxyacyl-CoA dehydrogenases, and 
thiolases that act on CoA dcn\atives of long-chain fatt> acids {more 
than Cis*) ha\c not been isolated, it is assumed that such enzjmes exist 



Fig 1 PatJinaj of fattv acid oxjdatjon in mammaliaa liver 


because the higher fattj acids are oxidized In er preparations For 
example, jt may be expected that stcaryl-CoA js converted quantitatively 
to acetjl^CoA and palmitjl-CoA by reactions analogous to the conversion 
of octanoyl-CoA to acetjl-CoA and hexano>I-CoA, for which all the 
enzymic catal>sta have been identified 
It will also be seen from Fig 1 that only catalytic amounts of CoA 
are required for the complete oxidation of a fatty acid to CO 2 and H^O, 
since the CoA required for the initial activation of the free fatfj acid 
and for the thioljsis of the ;3-hctoacyl-CoA compounds is regenerated 
when acet>l-CoA enters tlic eitnc acid cycle As noted earlier, the 
oxidative degradation of a fatly acid in liver can lead to its quantitative 
conversion to acctoacetic acid (p 594) This /?-keto acid arises from 
accl>l“CoA by a stcpvvise process 2 molecules of acetjl-CoA condense, 
in presence of ^-ketothiolase, to give acetoacetyl-CoA, whicli reacts 
With a molecule of acetjl-CoA to form ^-hjdroxj-jS-mcthslglutarjl-CoA 
(p 630), in liver, tins compound is cleaved to acctoaccfcie acid and 
acetji-CoA (p 788) The over-all process is an apparent Iijdrolysii> 
Acctoacctyl-CoA + H 2 O Acctoacetic acid + CoA 
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specific for the L-isomers-^ In 'addition to this enzyme, Iner (nnd other 
animal tissues) contains a DPN-lmked dch>drogenasc that is specific 
for D-/S-hjdro\\hutjr>l-CoA thus accounting for the intercon\ ersion of 
this compound and its l isomer As was mentioned prcMouslj, D-p- 
hjdroxj butyric acid is one of the ketone bodies, it is oxidized to 
acetoacetic acid b\ a DPrs-spccific dehxdrogona‘‘e (p 316) present m 
h\er, and restricted in its action to the n-isomer"® The cnzjmic inter- 


L-0-Hydroxy- 

butyiyl-CoA 


H 2 O- 


DPN"^ 

4 

' V * 

DPNH 
+ H'^ 


Crotonyl-CoA 


Acetoacetyl-CoA 


Acetoacetic acid 


DPN* 

4 D-^-Hydroxy 
f butyr>J”CoA 


DPNH 
+ H'^ 


AMP + PP-kJ 


T 


DPN'*’ 


DPNH 
+ H+ 


CoA + ATP 

D-3“Hydroxy- 
butync acid 


con\ersions of these C 4 acids and (heir CoA dornati\ cs arc summarized 
in the accompan>ing sclieinc 

The ^-ketoac> 1-CoA deruatncs formed in tlie reaction catalyzed by 
the )3-hydro\jac}l*CoA dch\drogcnase scr\c as the substrates in the 
final step of tiic fattj acid c>cle the cnzjmic cleavage {“thioljsis”) of 
the ; 8 -ketoac>l'CoA compound m tlie presence of CoA to liberate 
RCHoCOCH 2 CO-Co\ + CoA ^ RCH 2 CO-C 0 A + CH^CO-CoA 

acct>l-CoA Ljnen demonstrated the presence in liver of an enzjmc 
that mediates this reaction and named it “/S-ketothiolasc” or “thiolase " 
Similar (.nzjnics have been found in other animal tissues (heart, kidnej, 
brain), and it appears that more than one ;?-ketothiolaso exists The 
enzj me purified from sw me heart i« specific for ncetoacct} 1-CoA, w hercas 
cruder preparations from the s.imc source have a broader spccificitv On 
the other hand, purified liver /9-kctotliioIasc acts on /3-kcto derivatives 
of C 4 to C 12 fattj acids,*'’ thus this cnzvmc can efTcct the cleavage of 
^-ketooctanojl-CoA to jicid acct\I-Co\ and liexanoj 1-CoA, which could 
serve as a substrate for an ac\l-CoA dchjdrogenaeL and pass through 
the fattj acid ejele for a «tcond time fPig I) 

It will be eccn from Tig 1 that the fattv acid ejele con^-i^ts of 4 
enzjmic reactions involving CoV derivative'* Imtinllv, the fattv acid 
chain of a saturated acvl-CoA i** •*ul)jccto<I to dchjdrogenation, which is 

J Wakilrtnl J liml C/irm , 207, 6.11 (la^O 
D F Green ct a! liinchcm J 31, 931 (1^37), \ I< I/ehninRer anil G D 
GroMllp flioc/iim ct Diophy* Actn 12, ISS (1*153) 

S Goldman J Utol CArm. 208,315 (1951) 
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CoA by aceto-CoA-kinase (Table 2 ) ATP is an essential cofactor m 
the fixation reaction, and the product is mcth>lmalonyl-CoA, Tvhich can 
also arise from methylmalonic acid and CoA by an ATP-dependent 
activation reaction Methylmalonyl-CoA is then converted to succinic 
acid in an interesting isomerization reaction vhose mechanism has not 
been elucidated, but in which succmyl-CoA may be an intermediate 


CH3CH2COOH 


COOH 

CH3CHCOOH 

I CoA ATP 

COOH 


CH3CH2C0-C0A CH3CHC0-C0A 


HOOCCH2CH2COOH -e— IHOOCCH2CH2CO-C0A] 


In liver mitochondria, an alternative route for the formation of suc- 
cinate from propionate and CO2 may be operative, and it is believed 
that succinyl-CoA arises by the addition of CO2 to the terminal carbon 
atom of a 63 compound Still other pathways of propionate metabolism 
are present in some animal and plant tissues For example, in cow 
udder, propionic acid-l-C^'* is converted to acetic acid-l-C^'*, this 
process cannot invohe the reactions discussed above, since these vould 
jield unlabeled acetate (cf p 515 ) In peanut mitochondria, propionate 
appears to be oxidized to /?-hydro\> propionic acid, presumably via the 
CoA deri\atnes of propionic, acrjlic, and /3-h> droxypropionic acids, 
the free ;?-hjdro\y acid is decarboxj lated to yield acetate 
Interest m the metabolism of propionyl-CoA stems not only from its 
relation to the oxidation of straight-chain fatty acids, but also from the 
fact that it IS a product of the oxidative degradation (in animals) of 
the branched-cham ammo acids isoleucinc and \ahnc (Chapter 32 ) 

From the foregoing discussion it will be clear that propionyl-CoA, like 
acet>l-CoA, can be oxidized to CO2 by way of the citric acid cycle 
Consequentlj , propionic acid will accumulate only under conditions 
where the operation of this cjcle is inhibited These are also the condi- 
tions under which the oxidation of acetjl-GoA is pre\ented, and aceto- 
acctic acid accumulates 


OA T JamM et al , i?Joc/jem J , 64, 720 (1936) , J Giovinelli and P K Stumpf, 
‘m Ckcm Soc, 79, 2652 (1957) 
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In this manner, all the CoA required for the complete oxidation of a fatty 
acid to acetjl-CoA is regenerated by the formation of acetoacetic acid 

The reactions discussed abo've focus attention ane^ on the important 
metabolic role of substances closelj related to acetic acid It %vas seen 
earlier that acetic acid itself max be comerted to acetyl-CoA, x\hich is 
an intermediate in the incorporation of both carbons of acetic acid into 
citric acid, this provides a means tor the complete oxidation of acetic 
acid to CO2 and xiater xia the citric acid cjclc The conxersion of 
pjruvic acid to acet>l-CoA by oxidatixe decarboxylation represents the 
mode of entry of this product of glycolysis (or fermentation) into the 
citric acid cycle In addition, as viiIl be seen in Chapter 32, the carbon 
skeleton of certain ammo acids (eg, leucine, valine, phenylalanine) can 
also contribute to the “acetyl” pool in the course of their metabolic 
degradation In later sections of this book, references \m11 also be made 
to the role of 2-carbon fragments, related to acetic acid, in the metabolic 
synthesis of fatty acids, of cholesterol, and of porphyrins 

Oxidation of Odd-Numbered Petty Acids Acetyl-CoA and aceto- 
acetic acid are formed by the oxidation of odd-numbered fatty acids as 
\\ell as of the even-numbered compounds (p 592) Indeed, all the odd- 
numbered fatty acids tested have been found to serve as substrates for 
enzymes that act on even-numbered compounds of approximately the 
same chain length The removal of C2 units from an odd-numbered 
acyl-CoA ultimately leads to the formation of propionyl-CoA 
(CHgCHoCO-CoA) , this can be converted to propionic acid, which 
has been identified as a product of the oxidation of CoA derivatives of 
odd-numbered fatty acids by kidney and heart preparations With liver 
mitochondria, propionic acid docs not accumulate, since this system is 
known to oxidize the C-j aud^^ It should be added, however, that a 
liver preparation which converts even-numbered fatty acids quantita- 
tively to acetoacetic acid forms onh slightly more than one equivalent 
of the keto acid from odd-numbcrcd substrates (C 5 to C17) It would 
appear therefore that the over-all oxidation of the two types of fatty 
acids by liver mitochondria must differ significantly 

The oxidation of propionic acid by animal tissues involves the addition 
of CO2 to the 3-carbon compound and the intermediate formation of 
succinic acid, which is oxidized via the citric acid cy cle to CO2 and HoO 
In the presence of a purified prcpar4ation from swine heart, the fixation 
of CO2 occurs only after propionic acid has been converted to propionyl- 

-^F M Huennekens et a! , Atch Biochcm 30, 66 (1951), Bwchxm et Diopkys 
Acta H, 575 (1953) 

F Witter etal / Btol Chem, 207, 671 (1951) 

Katz and I L Chaikoff, ^ Am Chem Soc 77,2659 (1955), M Flavin et al , 
A’ature, 176, S23 (1955) , H A Lardj ct al , ^ Btol Ckcm , 2 19, 933, 943 (1956) 
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fragments can readily enter the citnc acid c>c1e and be oxidued to CO2 
and ivater Since the short-cham fatty acids {hc\anoic, octanoic) contain 
proportionatelj more terminal GH-iCHe — units than do the !ong>d\ain 
acids (palmitic, oleic), the former should give rise to more acetoacetic 
acid, and the latter should be more extensively oxidized by h\er prepara- 
tions to CO2 and uatcr This ’a as shown by Kennedy and Lchninger,®^ 
some of their data arc given m Table 3 Subsequent experiments o! 
Brov.n ct aP* on the oxidation bj livei slices of palmitic acid labeled 
with m the 1, 2, 3, 6, 11, 13, or 16 position confirmed the fact that 
the terminal Gs unit {containing carbon 15) of such a long-cham {att> 
acid IS less readily converted to CO2 than are tlie other carbon atoms in 
the chain These investigators also found complete mixing of all the Co 
units derived from carbon atoms 1 through 14 during the formation of 
acetoacetic acid, whereas the terminal C2 unit of palmitic acid was used 
preferentially as a precursor of the CH3CO — group of the keto acid 

Table 3 Products of Fatty Acid Oxidation by 
Washed Liver Mitochondria 


The oxidation system contained ATP, cytochrome c, magnesium 10ns, inorganic 
phosphate, and succinate or malatc 


Substrate 

Oj Uptake, 
micromoles 

Acetoacetic 
Acid Formed, 
micromoles 

COj 

Formed, 

imcromoles 

RQ 

Hexanoic acid (0 001 it/) 

9 1 

3 1 

0 5 

0 OS 

Octanoic acid (0 TOl ilO 

7 3 

3 2 

0 9 

0 12 

Decanoic ncid (0 001 ilf) 

4 5 

2 3 

1 1 

0 24 

Palmitic ticid (0 00025 it/) 

6 4 

0 70 

3 8 

0 50 

Oleic acid (0 00025 M) 

G C 

0 \7 

4 5 

0 08 


Lynen has explained the observed isotope distribution m acetoacetic 
acid on the assumption tliat m the action of /3-kctothiolasc an inter- 
mediate “acyl'Cnzy me" (p 2Sl) is formed Thus, during the formation 

(1) RCHaCOCHaCO-CoA 4- Enzyme 

RGHoCO-cmymc 4- CH3CO-C0A 

(2) RCHsCO-enzyme 4- CoA KCHaCO-CoA + Enzyme 

of acetoacetic acid from a fatty acid such as oetanoic acid-7-C^'*, the 
operation of the fatty acid cycle would produce 3 equivalents of unlabeled 
CH3CO-C0A and 1 of CHsC^^O-cnzymc The isotopic acetyl-enzyme 
could undergo cleavage in the prcEenee of CoA to yield 
(reaction 2) , m this case the labeled acetyl-CoA would mix with the im- 

w E P Keonod> and A L Lchningcr, J Bxol Ckem , 185, 275 (1950) 

G V. Brown, Jt et at , / Bwl Chem , 209, 637 aOM> 
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Metaboltsm of Kefone Bodies 

It ^as mentioned earlier that acetoacctic acid results from a nonrandom 
association of the actuc acetate units dcrued from a carboxj Mabcled 
fatty acid Crandall and Gunn^‘ haae presented CMdence (from experi- 
ments ^Mth octanoic acid labeled with in the COOH carbon or m 
carbon 7) that, in the production of acetoacetic acid from the Cs acid bj 


CH3(CH2)6C‘^00H 

I 

ItCHaCO— ] + 3[— CH2C’‘0— J 

I 

CHjC^OCHjC^OOH 

CH3C0CH2C'‘00H 


CH3C'‘H2(CH2)sCOOH 

1 

1 [CH 3 C“ 0 -] + 3[— CH 2 CO— 1 

I 

CH 3 COCH 2 COOH 

CH3C*^0CH2C00H 


Fig 2 Formation of acetoacetic acid bj nonrandom condensation of two tjpes of 
actnc acetjl groups Obscnwl di'-tribuiion of in acetoacetic acid from car- 
boxj 1-labeled octanoic acid, CO — C*^ COOH— from j'-labeled octanoic 
acid CO— C» COOH— C*<-3;} (After D I Oandall and S Gunnel) 


washed homogenates of rat li\er, two t>pcs of actnc acetyl groups ma} 
arise One of these mn be considered to serte as an acetjlating agent 
Ma its carbonjl group, which combines with the methjl group of anothei 
acet>l unit to form acetoacctic acid (Fig 2) It would appear that the 
terminal CH3CH2 — unit of a fattj acid chain Eer\es predommanth 
as a source of “carbonjl-actnatcd” Co units, whereas the other Co 
fragments ( — CHoCO — ) can also act as “mcthjl-actnatcd" units 

From the data of Crandall and Gunn, it follows that the magnitude of 
the ratio of isotope in the carbonji and carboxjl groups of acetoacetic 
acid derned from carboxa 1 -labclcd fattj acids should depend on the 
length of the fattj acid chain, since, as the chain length increases, 
the proportion of — CHoCO — units to CH 3 CO — units rises Experi- 
mental c\ idcncc for this Mcw was presented bj Gcjer ct al who studied 
the formation of acetoacetic acid from a scries of C^^OOH-labeled fattj 
acids, for the oxidation of hcxanoic acid (Cc) the ratio CO — C*'* 
COOH — C>^ in acetoacctic acid is 0 47, whereas the degradation of 
dodccanoic acid (Cio) gi\cs a ratio of 096 Gcjer et al also showed 
that, under the conditions of their experiments, onlj the — CHoCO 

31 D I Crandall and S Gunn J Dtol Chem , 181, 829 815 (1919) 

3-U P Gejerctal J Chem 185,461 (19a0), 188, 185 (1951) 
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of the methjl groups of methionine and of chohne or of the )3*carbon of 
L-senne (cf p 774) Propane-3 ^-dtol (or its l-phosphate) appears 
to be an intermediate m tlic cteavc^e oC acetone to C« and Ci units, and 
also m the utilization of all 3 carbons of acetone for the synthesis of 
carbohydrates 


HO OH 
I i 

CH3COCH3 CHsCHCHa 

1 

Cj-unit - 

On the basis of the available data, it is possible, therefore, to sum- 
marize the course of oxidation of fatty acids to COg and water in the 
mammalian organism by stating that hicr represents a major site of this 
process, which in\ohes the oxidation of 2-carbon fragments \ia the citric 
acid cycle Under certain circumstances, the Incr can also condense the 
2-carbon fragments to form ketone bodies which it cannot oxidize at an 
appreciable rate, if mnlonatc is added to II^c^ slices, thus blocking the 
citric acid c> clc, the oxidation of fatty acids to CO5 and w atcr is decreased 
and the formation of ketone bodies is increased In the intact animal 
the ketone bodies arc earned by the circulation to the tissues (eg, 
muscle) and there oxidized to a considerable extent The oxidation of 
ketone bodies by the extrahcpatic tissues thus pro\ides a major portion 
of the energy deri\cd from the breakdown of fatty acids m animals 
Drury and ick^® ha\ e show n that ketone bodies compete effectively w ith 
substances clerncd from glucose in the processes of terminal oxidation to 
CO2, Biwcc the adnumstralion of ^-hy droxy buty nc acid to rabbits 
receu mg C^‘*-labelcd glucose markedly reduces the amount of radioactive 
CO2 exhaled 

Since animal tissues can convert the carbon atoms of both carbohy- 
drates and fatty acids to COg, the question arises whether preference is 
shown when both types of substrates are available for oxidation Studies 
with intact rats^® and with various ti'^suc preparations^* have shown that 
the formation of from the carboxyl group of labeled short-cham 

fatty acids (eg , butyric or octanoic) is not affected by the simultaneous 

Sjkanii J liiol Cfurn 187,369 (1950) 

Rudney / Dial Chem 210,361 (!d3-t) 

P Geycr ami M Cunninglnm, J Utol C/tem , 184, 6-11 (1950) 

MD R Dniry and A N Wnk J Btvl Chtm 196, 129 (1952) 

J Lo'wow and I 1 CJlmikoff, Arch Buichcm and Biophi/’s, 57, 23 (1955) 
y\crthoiraf'r and V Hen-Tor, Bwchtm J, 50, 573 (1952), A Allen ct al , 
J Biol Chem, 212, 921 (1055) 


"Acetyl pool’ "Formate pool" 
-v(^-unit + Cj-umt 
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libeled compound, and an\ aceloicctic acjd formed from the resultant 
“icct>l»Co\ pool” uould be cquillj libeled in its carbonjl and cirbo\}l 
cirbons How ev cr, the CII^C> ^0-cnz\ me could be used directlj , together 
with unlabeled acetyl-CoA from the pool, for the sinthcsis of acetoicct} 1- 
Co\ (ro\ersil of reaction I ) , here the product would contiin onlj m 
its carbonj 1 carbon The o\ cr-all result of these two processes would be 
the formation of koto acid labeled picdominintly in the cirbonjl group 
The coniersion of acetoicetil-CoA to acctoicctic acid follows different 
pathwajs in the li\cr and in cxtnhepatic tissues In the li\er, this 
comcrsion is mediated principallj , if not sold}, b} the sequence of 
reactions described at tlic bottom of p COO Tins tissue has onh a 
weakly active acctoacctite-actixating s}stcm and is devoid of succin}!- 
CoA thiophorasc (p 596) Evtrnhcpntic tissuea (kidnc}, brain, heart), 
m contrast to Incr, contain either the acetoacctate thiokmasc s}stcm 
or the thiophorasc Consequent!}, acetoacetic acid produced in the liver 
ma} be transported in the blood to other tis'^ucs, where it can be con- 
verted to acctoacct} I-CoA ind metabolized further Thus, studies with 


aisCOCHjC'OOH - 
CI!3C*Oai2C*OOH 


2(CIl3C*0) 

/ f 


CHaC-OOH 


CUjCOOH 

I 

Hoccoon — 
I 

cHjC'oon 


CHgCOOH 

I 

cn2C*ooH 


isotopic acctoicctic acid '•liowcd that, m the presence of oxaloicetic acid, 
kidnc} minces can cause the appearance of isotojic in intermediates of 
the citric acid c}cle Acetic icid libeled in the carbo\}i carbon will 
likewise be converted to isotopic succinic acid If one rcisolatcs aceto- 
acctic acid after the incubition with kidncv nnnee, the isotopic label 
initnil} present on!} m the cirbo\}l carbon of acctoicctic acid is now 
found in both the carbon} 1 nntl the cirbo\} I groups 

Vpparcntlv, icctoicetic icid formed in large nmounti onl} when the 
oxidation of the Co unit** i*- prcvcntcil In the liver of higher animals 
icetoicctic acid is not broken down to an apprcci ible extent to 2-carbon 


at3aiai2C00H — ^ ► ciijCoch-cooh ^ ► aijcociia 

fngjnint«! In tin** ti--ui intouetu icid nuv either b( reducexl to 
i» /^*h\dro\\butvric m id bv /j-hvdro\vbutvnc acid delivdrogtn I'e m the 
pre-cnri of or be lUearbowlnted to neetone and COo Acetone 

nuv In ‘ubjictul to imtabolu (ran**forin ttlon^ ui itio, in the intact nt 
arc tone is* cle lud (o form i 2 c irbon fr igiiunt, which enter** the “ncotv T 
^ I li(. ri-nlu i] ( , unit innv Ik* U'-exl bv rat 1 i'*-ir'» for the “vntlu*-!'* 
®-*T I) Pri'c nn<l D UjUrnl>rrp J Il»ol 1113, til (|1/)) 
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Oxidation of Fatty Acids in Microorganisms and Plants 

Although the experimental data on the metabolic oudation of fatty 
acids TV ere largel> obtained in studies with animal tissues, manj of the 
conclusions drawn from these studies appear to apply to other biological 
forms For example, the dcgradxation of saturated fattj acids by irucro- 
oTganisms such as A'etssena catanhalts, Nocardta opaca, and Pseudo- 
monas fiuorescens** seems to proceed by the /S-oxidation of the substrate 
The appropriate enzjmes of these microorganisnig have not been ex- 
amined, but preparations of enzymes from the anaerobe Clostndium 
Uuyvmi ha\e been, used in extensive studies on the mechamsm, of {att> 
acid oxidation in bacteria^® The proposed pathway for the /S-oxidation 
of butyric acid by Cl kluyveni is shown in Fig 3 This pathway differs 


Phosphate ^ Acetyi-CoA>^ 
Acetyl phosphate 


Acetyl'CoA ^ ‘ 


Butync acid 


y *v:tzyr\joA>L y y 

y Acetic BCid-^ 


Acetoacelyl-CoA 
-2H 


Butyiyl-CoA 






Butenoyl-CoA 


d^Hydroxybutyiyl-CoA HgO 

yig 3 Proposed pathway ol fatty acid melabolwm m £7fosfnd»um Uuyvent 


in sev eral respects from the fatty acid cy cle of animal tissues (cf p 600) » 
the initial activation of butyric acid la catalyzed by acetyl-CoA tin- 
ophorase l“CoA tranaphorase”) rather than by a thiokinaae, and the 
acetyl-CoA arising from the thiolysis of acetoacetyl-CoA is converted 
to acetyl phosphate by the action of phosphotransacefcylase (p 483) 
Like maTQTnahan hver, Cl kluyvem contains a thiot esterase (“deacyl- 
ase”) that hy droly zes acetoacetyl-CoA to acetoacetic acid 
It w ill be seen from Fig 3 that the ov cr-all reaction effected by the 
complete circuit of the cycle is as follows 
Butyric acid + phosphate + H-O 

Acety 1 phosphate -h acetic acid 4- 4H 

The evolution of methane (the principal constituent of marsh gas) in 

«C I Randies J Ract , 60, 627 <1050), I> M tVebJe^ etal,J Gen Aficrobiol> 
13, 361 <1955) , D Ivler et al , / Bad , 70, 99 (1955) 

<5 B R Stadtman Fedcrahon proc, 12, 692 <19331 , 3 L Peel aad H A Barter, 
B%ochein J , 62, 323 (1056) 
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presence of carbohjdrates (eg, glucose or pjruMc acid) Ho\\e^er, 
tlie data on the effect of carbohjdratc on the oxidation of long-chain 
acids (palmitic ncid-l-C^-*) are contradictorj , and an unequuocal 
conclusion is not possible at present 

Fattj Acids 

^ via citnc 

(Propion>I-CoA.) Acetjl-CoA >*CO. -h IIiO. 

acidcsde 

i 

CO2 + CHjCOCH, CHaCOCH^COOH ?± 

CHjCHOnCHjCOOH. 


All tissues, 

“direct 

oxidation” 


i 


Transported bj 
circuLition 


CHsCOCII^COOH 

1 

via citnc 

AcetjbCo^ > COj + H 0_ 

aci<l C) do 

The close relationship between the oxidation of fattj acidi» to COc and 
the formation of ketone bodies has been emphasized furtliti bj studies 
on the mechanism whereby ammonium ions enhance ketone bod> forma- 
tion in rat \i\ er slices In the presence of an excess of ammonium ions, 
a-ketoglutanc acid is removed by a reductive amination to form glutamic 
acid This interrupts the citnc acid cycle at the stage leading to succinic 
acid, and the lev cl of oxaloacetic acid is consequent!) decreased Since 
the preferred pathway of oxidation of tlic C, units to COj and lIjO is 
blocked, the metabolism of the units appears to be shunted in the 
direction of ketone body formation 

Under conditions of jilivsiological dysfunction (eg, starvation or 
diabetes), ketone bodies accumulate in the circulation, and a condition 
of “ketosis” results Tins may be due citlicr to (n) a decreased rate of 
decomposition of ketone bodle^ in the tissues or to (b) an elevated rate 
of production of ketone bodies It appears likely that the latter procc&s 
IS more important in keto'^is When a substance such ns carbohydrate is 
fed, the level of ketone bodies in a nonnnl individual drops, such sub- 
stances are termed “antiketogenic ” For a stimulating discussion of the 
possible mechanism of the action of antiketogenic substances, sec Krebs 

<2 U 0 ncckmi,el nnd V It I’ottrr, / Biol Chem , 191, 203 (1951) 

A Ktths, IlaTicv LccIutcs tt, 1C5 (IOoO) 


Extrahepatic 

tissues, 

“indirect 

oxidation” 
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the administration, to an animal, of palmitic acid labeled with deuterium 
led to the ippearance of the isotope in several other fatty acids (stearic 
and palmitoleic acids in particular) The appearance of deuterium in 
these fatty acids may also be induced bj, bringing the D 3 O concentration 
of the body water to a le\el of ca 2 per cent If the D 2 O content of the 
body water is maintained at this level by the continuous administration 



rig 4 Deuternim cootcat of fatly acid? of mice given heaiy wafer to raise the 
bodi wafer to { 5 per cent P 2 O (From D Rittenbcrg and R Schoenheimer, / Stol 
CAem , 121, 235 (1037) I 

of “heavy water” and the test animals are sacrificed after %Arying penods 
of time, it IS found that the rates at which the isotope appears m the 
saturated and unsaturated f ittj acids are different (Fig 4) Of special 
importance is the observation that the final isotope level attained in tlie 
saturated fatty acids w'as approximately half that of the body water 
Thus, m the course of fatty acid synthesis, approximatelj one half of the 
hjdrogtn atoms was derived from the hjdrogcn of the body water Also, 
since the unsaturated fattv acids contain less isotope than the saturated 
fattj acids, the former cannot be intermediates in the biosynthesis of the 
saturated acids 

The tarlj experiments of Schoenheimer and Rittcnberg with animals 
whose bodj water liad been enriched with respect to its D^O content also 
provided information about the probable pathway of fattj acid bio- 
s>nthesis Tiie oleic acid isolated from such animals was cleaved b> 
chemical oxidation to pelargonic and azelaic acids, upon isotope analysis, 
these two C 9 acids were found to contain the same concentration of 
deuterium These data suggested that the isotopic hjdrogen had been 

^*^11 Schocnhcjmer, The Dynomte Stole 0 / Qody Constituents, Harvard Uoiv'crsUj 
Press, Cambridge, J&12 
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swamps IS a consequence of the fenncntation of organic matter by 
“methane bacteria," a group of anaerobes The methane fermentation 
of fatty acids by these bactena is believed to involve the intermediate 
formation of acetic acid 

In some higher plants (c g , peanut) the oxidation of long-chain fatty 
acids is effected not onlj bj ^-oxidation, but also by other pathways 
Studies on a complex enzjmc system extracted from peanut cotyledons 
indicate the existence of a specific fatty acid peroxidase which forms 
C ^'*02 from only the carbox-yl carbon of labeled long-chain saturated 
fatty acids (palmitic, stearic, mynstic) in the presence of H 2 O 2 generated 
by the action of glycolic acid oxidase (p 338) In the peroxidase- 
cataljzed decarboxylation, a long-cham fatty aldehyde is thought to be 
formed 

In connection with the oxidation of fatty acids by plant tissues, it 
may be added that the enzyme lipoxidasc,^* found m many higher plants, 
acts on long-chain fatty acids containing 2 or more double bonds (c g , 
linolcic, linolcnic, arachidonic acids) in the presence of oxygen to form 
short-cham fatty acids It is currently believed that this oxidative 
cleavage involves the intermediate formation of peroxides Lipoxidase 
has been crystallized from soybeans^* Enzymes of this group are be- 
lieved to be present in animal tissues, but have not been characterized 


Biosynthesis of Fatty Acids 

Fatty acids, with the exception of the highly unsaturated members of 
this group of compounds, appear to be synthesized readily m animals 
and in other organisms All the reactions given m Fig 1 for the forma- 
tion of acetyl-CoA from higher fatty acids arc reversible Consequently, 
a biological system tliat can oxidize fatty acids to C 2 units should be 
able to synthesize long-chain fatty acids by the successive addition of 
C 2 units to the carboxyl carbon of a growing fatty acid chain Numerous 
experimental studies with animals, plants, and microorganisms have 
provided data in support of this hypothesis 
Before the elucidation of the enzymic mechanisms in the oxidation of 
fatty acids, considerable information had been gathered about the 
biosynthesis of fatty acids in vivo It will be recalled (sec p 586) that 

^^11 A Barker, Baclcnal Fcrmenlaltons, John Wilej A. Son^, New York, 19o7 
♦tt K IIumphre>8 et al , J Btol Chem , 210, D-ll (1951), 213, 911 (1955), 
P K Stumpf and G V liMhcr, PVinl Phynol 31,301 (1950),!’ Castelfranco ct al , 
J Biol Chem, 214, 5G7 (1955) P K Stumpf, tbttl, 223, 013 (1956) 

T Holman and b Berf'trom mJ B Sumner und K Mj rb ick, T/ic 
y ol II, Chapter GO Academic Prc«s New \ork, 1951 
^’*11 Thcorcll ct al , Arch Biochcm, 11, 230 (1917) 
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It v.i\\ be recabed that some of the highly uosaturated fatt> acids 
(p 5601 seno as essential dictarj factors for the normal growth and 
de\elopraent of animals, since these compounds arc not sjmthesized 
readily bj animal tissues Lmolcic acid (a Cjg diethenoid acid) and 
hnolenic acid (a Cjg tncthcnoid acid) are synthesized de novo in higher 
plants and molds®* by mechanisms that hrve not been elucidated 
Arachidonic acid (a C^o tetraethcnoid acid) can arise in anunals b> the 
addition of a Cg unit to a Cjg compound derived from dietary linoleic 
acid The biosynthesis of arachidonic acid bj the elongation of the 
hnoleic acid carbon chain also imohcs the introduction of 2 new double 
bonds, but it is not known how the dehjdrogcnation is effected, and 
whether it occurs before or after the formation of the C 20 chain Lino- 
lemc acid, which is less effective than hnoleic acid in the prevention or 
cure of fatt> acid deficiency,’" is also converted to a longer highlj 
unisaturated fattj acid 

It will be clear fiom the foregoing discussion of the oxidation and 
synthesis of fattj acids in ammal tissues that these substances are 
constantly being renewed, le, thej are m a dynamic state However, 
as shown by long-term experiments’* (300 to 360 days), at least bO per 
cent of tlie total fatty acids m a rat represents relativclj inert material, 
for one half of this inert fraction to be replaced by new fatt> acids 
requires 70 da>s or more, le, the half-hfe is about 70 days From 
shorter experiments, which measure csscntiall) onl> the more dynamic 
fraction of the total tissue constituents, it has been estimated’- that m 
adult rats the saturated fatty acids of the depot fat have a half-hfc of 
36 to 37 (iajs Similarly, tlic half-hfc of the unsaturated fatt> acids 
of the depot fat is. appro\imatel> 20 da>s As might be expected, the 
half-hfc of the liver fatty acids is much less, experiments m which the 
deposition of long-cham saturated and unsaturated fatty acids m liver 
triglj ccrides and phospholipids was measured after the administration 
of CHgC’^OOH have shown that the half-hfe of the iati> acids is prob- 
ablj about a few liours These figures cannot be taken as an index 
solelv of the relative rate of synthesis and breakdown of fatt> acids 
in the individual tissues concerned, clearlj, in the intact animal, fatij 
acids are transported from one tissue to another The figures mentioned 
above do serve, however, to rc-emphasize the central role of the hver 
in the intermediate metabolism of the fatty acids 

Bernhard, CoUl Spnng Harbor Symposia Quant Bwl, 13, 2G (ItMS) 

63 J F Mead et a) . Biol Chrm, 205^ 683 (1933), 218, 401, 219, 705 , 220, 
257 (1950), G Sternberg ct a! , ibid , 224, 841 (1957) 

J Deuel, Jr , and K Reiser, 3'j/awias and Hormones, 13, 20 (1955) 

C Thompson and J E Ballou, J Btol Ckem, 223, 795 (1956) 

A Fihl ct a1 , J Biol Cki m , 383, 441 (1950) 

S B lo\e ct al , J Biol Ckcm , 218, 275 (1956) 
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distributed fairlj e\enl} along the oleic acid chain, and that the synthesis 
of long-chain fattj acids inioKcs the condensation of smaller units 

CH3(CH2)7CH=CH(CH2)-C00H 

I 

CH3(CH2)7C00H + H00C(CH2),C00H 

PelargoDte acid Atelaie acid 

It has long been known that fat maj be formed after the administration 
of carbohydrate or of protein to an animal Definitive proof of this tn 
VIVO synthesis came from the studies of Schoenheimer and Rittenberg,^* 
of Stetten and Grail,®- and of Masoro et al j-'* and subsequent mv esti- 
gators have confirmed and extended their findings Evidence is aho at 
hand to sliow that the increase m the fat content of the seeds of higher 
plants IS accompanied by a decrease in the amount of carbohy drate 
Various microorganisms have been found to convert carbohv drates to 
fat, and some of these organisms can accumulate as much ns 50 per cent 
of their dry weight in fat For example, Klcinzcller’-* showed that, in the 
presence of glucose, the yeast Tortdopsis hpofera forms fat at a rate of 
4 to 11 per cent of its dry weight in 5 hr 
In the metabolic conversion of the carbon atoms of glucose to fatty 
acids, acctyl-CoA is known to be an essential intermediate Among the 
earlier experiments that led to the recognition of the role of acctyl-CoA, 
perhaps the most informative were those with microorganisms Of special 
importance was the work of Barker, Stadtman, and their associates’® 
with ClostndinjH lluyveni, winch can form short-chain fatty acids 
(butyric and caproic acids) from ethanol These investigators showed 
that 2 C 2 units condense to form a compound, winch condenses with 
another C 2 unit to form the Cc acid Moreover, they succeeded in 
preparing v cell- free extract of the organism capable of effecting the 
senes of reactions shown in the accompanying scheme It will be noted 
that ethanol is dehydrogenated to acctaldcbydc wliicli, in the presence 

CH 3 CH 2 OH -* CH 3 CHO [Acetyl-CoAl 

+ 

1C2 Compound) 

Cn3(CH2)2COOH — [Cl Compoumll < 1 

of cocnzyinc A and DPN+, is converted to neety 1-coenzyme A Subse- 

U ^(hocnlicnnpr and D RtUenberg J Btol Chem 114, 381 (1930) 

52 D Stotten Jr and G F Grail J Biol Chem IIC, 500 (1013) 

■'5! J Mn.'oro ct a! J Biol C/»cm , 179, U17 (1919) 

A Klcmrollcr Biochem /, 30, 480 (1011) 

55E II Stadtman and 11 A Barker J Btol Chem, ICO, 1085 1095, 1117 11G9 
(1919), 101, 709 (19o0) 191, 3G5 (I9ol) 
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gljccrophospliate from glycerol and ATP m a reaction catalyzed by 
“glycerokmasc”, a partially purified preparation of this enzyme from 
rat hver also con\erts dihjdrox} acetone and glj ceraldchydc to the cor- 
responding phosphates The glycerophosphate can then react with 2 


ATP \ / Glycerol 


2 Palmitic acid \ / 2CoA+2ATP 


ADP ^ t-a-Glycero- \ / 2 Palcutyl-CoA ^ 2 AifP + 2 PP 
phosphate ' ^ 


a^-Dipalmitylphosphatidic aad ^ ^2CoA 


X, 


molecules of a fatty acyl-CoA compound (formed by the action of a 
tliiokinasc) to yield an o,y8-diaeylphosp]iatidic acid, as slio^n in the 
aecompanjing scheme for tlic synthesis of dipalmitylphosphatidic acid 
The enzyrac-catalyzed reaction of fatty acyl-CoA compounds with the 
hydroxyl groups of glycerol probably represents an important process 
in the biosynthesis of neutral fats such as the triglycerides Thus, TVeias 
and Kennedy*^ ha\e shonn that an enzyme preparation from chicken 
hver catalyzes the formation of a triglyceride from a D-ft,p-dJBlycende 
and palmityl-CoA It will be recalled that pancreatic lipase can mediate 
glyceride formation by direct condensation of free fatty acids with 
glycerol hydroxyl groups (p 577), so that two enzymic pathways appear 
to be present in animals for the biosynthesis of triglycerides*® The 
Iipase-catalyzcd condensation may be more important in the mtestmal 
digestion and absorption of glycerides, and the CoA-Unked reaction may 
be the predominant route m the Uver and other internal tissues 
In the scheme shown for the biosynthesis of a phosphatidic acid, 
inorganic phosphate is introduced by the oxidative generation of ATP 
(p 381), and transferred to glycerol A different mode of entry' of 
phosphate appears to be operative in the biosynthesis of phosphatidyl- 
choline (or phosphatidjlaminoethanol) In this metabolic pathway, 
phosphorylchohne is formed from cholmc and ATP by “chohne phospho- 
kinase”, this enzyme has been found in many animal tissues, and has 
been purified from yeast*® The incorporation of phosphorylchohne into 
phospholipids by hver preparations is preceded by its reaction with 
cytidinc triphosplmtc to form i^tidme diphosphate cholmc (CDP- 
choiine) and pyrophosphate** Tins reaction is analogous to the forma- 

81 S B ftn<! E P Kennc4} J Am Chetn Soc, 78, 3550 (1956) 

82 L A JcUciken ami S Wciiihcra''C, Arefe Btochem end SO, 13t (19H)> 

A Tiet* and B Shapiro, Biochim ct Bwphy$ Aeta, 19, 374 (195G) 
tt'ittrnfacrg and A Komb-erg, / Bxol Chem , 202, 431 <1953) 

**E P Kcnncd> ct al Biot Chem, 222, 193 (1956), 227. 951 (1937) 
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Biosynthests of Phospholipids and Triglycerides’* 

Earlier studies on phospholipid turno\er m intact rats indicated that 
plasma phospholipids are remo\ed from the circulation as a unit and 
complete!} resjnthesized m the tissues’® Although there js no evidence 
for the intercon\ersion of phosphoglj cendes containing choline, ethanol- 
amine, and inositol,’® data on the incorporation of C^^-labeled fattj 
acids into the phosphatidylcholine fraction of rat liver suggest that there 
may bo a significant difference m the rate of replacement of the fattj 
ac}l groups at the a and positions” Moreover, studies on the incor- 
poration of labeled precursors into phospholipids by slices of animal 
tissues (liver, pancreas, brain) have shown that one constituent of a 
phospholipid maj be incorporated independent!} of the others For 
example, it is possible to alter the rate at vvhich labeled fatty acids arc 
incorporated without causing a corresponding change in the turnover rate 
of the phosphorus, the bases, or gljccrol’® The available knowledge 
about the metabolic pathwa}s of phospholipid s>nthesis m tissues such 
as liver is insufficient to explain completcl} such observations relating to 
the turnover of phospholipids However, significant progress has been 
made in defining some of the cn*}mic reactions that are involved 
Most of the experimental work on phospholipid s}nthesis tn vitro has 
dealt with the formation of choline-containing compounds, it is probable 
that analogous pathwa}s leading to aminoethanol-contammg phospha- 
tides are present The metabolic origin of the nitrogenous components 
of phospholipids (choline, arainocthanol, L-serine) will be considered in 
Chapter 32 The gl}ccrol portion can arise as a consequence of the 
anaerobic breakdown of carboh}dratc (p 477) or from trigl}ccrides 
ingested in the diet, free gl>cerol has been shown to be a precursor of 
both phospholipids and of trigl} cerides tn vivo 
Although It IS uncertain whether phosphatidic acids exist as such in 
animal tissues (p 567), the} can be s}nthesized from fatt} acids, 
gl}cerol, and inorganic phosphate (via ATP) b} cell-free preparations 
from liver®® The initial step in this process is the formation of L-a- 

E P Konnedj Federation Froc , 16, Si7 (1957) 

”E 0 Weinmnn et al , 7 Biol Chetn, 187, W3 (1950), M E Tolbert and 
R Okc> ibid 194, 755 (1952) 

R M C Diwson, Biockem J , 61, 552 (1935) 

J Ilan'ilnn and R Blom-trand, / Biol Chem , 222, 677 (1956) 

R J Rossilor, Canad J Btochem Physiol, 34, 358 (1956) 

’OA P Doei-chuk J Biol CAcm , 193, 39 (1951) , L I Gidez and M I Karnov- 
«k\ ibid 206, 229 (1951) 

Komberg and E Pricer, Jr, J Biol Chem, 201, 329 345 (1953), 
C Bublitr and E P Ivennedj tbtd 211, 951 (1954) 
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Although the enzjrae studies descnbed above provide a pathv\ay 
v\ hereby phosphorjlchohne nia> I>e mcorpomtcd into lecithin, it should 
be added that data obtained from isotope studies suggest that phosphorjl' 
cholme may not be the sole precursor of the phosphate of liver lecithin®^ 
Little IS known about the biosynthesis of phospholipids other than 
pliosphatidjlcholine or phosphatidj hminoethanol The mechanisms 
vvherebj mobitol is incorporated info phospholipids are obscure, and 
fragraentarj' information is available about the metabolic pathways m 
the fonnation of the cercbiosides In this connection, however, mention 
may be made of isotope studies on the biosynthesis of the base sphingO' 
sine Carbon atoms 3 to 18 of this compound (cf formula) appear to 
be derived from acetic acid by a condensation of Cj units leading to a 
CiQ fatty acid derivative®^ Carbon atoms 1 and 2 (the aminocthano! 
portion of sphingusmc) do not arise directly from acetic acid or fiom 



I 2 3 4 5 55 

CHs-CH-CH-CH— CH(CH2 )j2CH3 
OH NHa OH 

preformed ammoethanol, thev arc derived from the ^ and a carbons of 
serine, which also provides the ammo group®'’ The carboxyl group 
of senne is lost during the utilization of the ammo acid for the synthesis 
of sphmgobine It is probable that the conversion of sphingosinc to 
sphingomyelin involves the interaction of an N-acylsphmgosme (a 
"ceramide”! w ith CDP-cholme m a manner that is analogous to the mode 
of lecithin formation from on o,^-diglycendc and CDP-chohne®^ 

®8R M C Diwson, Biochcm J, S9 S (1955), C2, G93 (1955) 

Zabin 'jnd J T Meid, J Btol CAew, 205, 271 (1953), 211, 87 (1954) 

B Spnoson and A Couloa / Biot Ckem, 207, 5S3 (1954), R 0 Brady 
et nl , / Biol Chem , 233, 26, 1072 (1958) 

bnbnej andE P Kenned}, J Btol Cftcm, 233, 1315 (1958) 
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tion of UDPG from UTP and glucose-l-phosphate (cf p 451) “PC- 
cjtidjl transferases” that cataljzc the formation of CDP-choline ha\e 
been identified in li\cr, jeast, and higher plants, and the compound has 
been isolated in crystalline form from yeast®-' Another enzyme system 


NH, 

I 



OH OH 

CytidiM diplKMphAte choline 


present in li\cr catalyzes the reversible pyrophosphorolysis of CDP- 
cliolinc and concomitant transfer of the phosphory Icholmc portion to an 
a,/?-diglyccridc to form a pliosphatidylcholine and cytidine-5'-phosphato 
It IS probable that the same sequence of reactions is involved m the 
incorporation of aimnocthanol into phospliatidylaminocthanols, and that 
enzy me sy stems specific for uninoethanol deriv ativ es serv c as cataly sts 
Tlic formation of labeled pIio«pholipids from isotopic phosphory 1- 
chohne by liver mitochondria is stimulated not only by a,;B-digly ccrides, 
but aho by phosiilintidic acids This effect is a consequence of the 

Choline + ATP ^ Phosphorylcholine + ADP 


Cytidine tnphoephate 


Pyrophosphate 



Lecithin 

inzvmic hvdroK-^is of the pho-phatuhe acid to form an o ^-digly ceridc, 
which iH utilized, together with CDP-choline, for tlic net synthesis of a 
phn^iiii duly Ichohnt '** \ propo-cd pathway of the bio«v ntlic-'is of plios- 

j)hatulv lehohnc (lecithin) !*« ehovvn m the accompinying diagram 

►•••I I H licriTi'in ot nl Snina 121, SI (19oC) 

M Hoiilirll nnd I) J Ilnnihin / Utol Chem , 21 1, C07 (1055) 

W Smith el 'll J Ihol Chrm 220, 015 (1957) 
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atom on carbon 5 and the methyl group on carbon 10 arc trans to each 
other, to indicate this, t)ic bond linking the CH3 to carbon 10 is draun 
as a solid line and that linking the H to carbon 5 as a dotted Imc Bj 
convention, substituents connected by solid lines (^-orientation) are 



regarded as projecting in front of the plane of the steroid ring system, 
and those connected bj dotted lines (o-orientation) as l>mg behind the 
plane The dihydrocholcstcrol isomcnc rvith cholcstanol, but differing 
from it V. ith respect to the configuration about carbon 5, is a constituent 
of animal feces, and is named coprostanol {earher name, coprosterol) 
In the nccompan>ing formulae for the isomeno dihjdrocholestcrols a 
simplified formulation of the steroids is used 
In cholcstanol, the spatial xelationslup of the rings to one another maj 
be described as foHovis A B, trans, B C, trans, C D, trans On the 
other hand, in coprostanol, rings A and B arc cis, nliile B C 'ind C D are 
trans Tlio configuration charactcnslic of the hydrocarbon skeleton of 
cholcstanol is termed the atlo configuration, to distinguish it from the 
“normal” configuration of the coprostanol senes Occasionally, the con- 
figuration of steroids of the alio senes is designated by the term 5a (i c > 
the linkage between the li and carbon 5 has the q-oricntation), and for 
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Chemistry of Sterols 

The group of lipids discussed m Chapter 23 arc usuallj classed together 
as saponifiable hpids, i c , substances th it arc soluble in organic solvents 
and are conv*ertcd to viatcr-soluble substances upon hjdrolysis with 
alkali However, the extraction of a plant or animal tissue with organic 
solvents maj >ield an appreciable quantitj of lipid material that is 
resistant to saponification Such unsaponifiablc lipids may include one 
or more of a v aricty of organic substances belonging to a group of crj stal- 
lino alcohols known as sterols (Greek, stereos, solid) In the tissues of 
vertebrates, the principal sterol is the C27 alcohol cholesterol (Greek 
chole, bile) which is especnll> abundant m nerve tissues and m gall 
stones The classical work of Wichnd, Windaus, Diels, Rosenheim, 
and King led to the formulation of the structure of cholesterol, the 
fundamental carbon skeleton is the cjclopentanoperhjdrophenanthrcne 
ring In accordance with the suggestion of Callow and Young, ^ com- 
pounds chcmicallj related to cholesterol are designated steroids The 
extensive literature dealing with steroids is summarized in the important 
monograph of Fiescr and Ficscr" 

It will be noted from the formula shown on p 620 that cholesterol 
has a double bond in the 5,6 position In animal tissues, cholesterol is 
accompanied bj small amounts (ca 2 per cent) of the dihjdro derivative 
cholcfttanol, fcomttnncs termed "dihydrocholcsterol " Clcarlj, hjdro- 
gcnation of the 5,0 double bond can lead to the formation of 2 isomers, 
whicli differ m tlieir configuration about carbon 5 at the juncture of rings 
A and B In chole^tanol the two rings arc so joined that the hjdrogen 

K CtIIow md I G Vounp: J*roe Roy Soc , 157A, !!M (1930) 

2 1 }• Iic«cran(IM Fic-or 1 be Natural Producls Rdnlcd to Phenanthrene 3rd 
Id, Hoinliold I’uhliching Corp >icw ^o^k, 1919 
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flPFOCiated uith lipoproteins, this is also true of the plasma phospho- 
lipids (p 5731 0\er 50 per cent of the total phsma cholesterol is found 
m the jSj -lipoprotein fraction, and the remainder of the cholesterol is 
associated ^^lth the ax- and as-lipoprotem fractions A correlation has 
been reported between the relative concentrations of human plasma 
lipoproteins and the incidence of artcnosclerosis, but the status of this 
problem is uncertain at present^ 

A number of color reactions are available for the identification of 
cliolesterol In the Licbermann-Burchard reaction, a green color is 
produced when a chloroform solution of acetic anhydride is added to a 
solution of cholesterol in concentrated sulfuric acid, no reaction is gi\en 
b> cholestanol or coprostanol For a discussion of this and othei color 
reactions giien bj the stciols see Schoenheuner et al® and Bcrgmann® 
Steroids niaj be separated by chromatography on filter paper or on 
columns of adsorbents such as alumina 

Other Noturol SteroU lu higher plants, the principal sterols arc 
compounds ha\ mg 29 carbon atoms Representatives of these are stigma- 



sterol (from soybean oil), A^-sligmastcrol (from ^heat germ oil) , several 
spinasterols (from spinach and cabbage) , and the sitosterols (from man> 
plants) j8-Sitosterol is 22,23-dihydrostigmasterol, and y-sitosterol is the 
24:-epiraer of j8-sitosterol 

An important sterol found m jeast, ergot, and the mold Nenrospora 
IS the C 28 compound ergoslcrol, which contains 3 double bonds Another 
important, though minor, constituent of the sterol fraction of jeast 
lipids is the compound zymosterol (A® 2-t-cholestadien-3^-ol) 
terest m ergosterol derives from the discoverj that, upon irradiation with 
ultrav lolet light, it giv es rise to v itamm D 2 (calciferol) It maj be added 

5R J Haxeletal J Chn , 34> 1345 (1955) 

«H G Kunkel and R Trautmao, 7 Chn Invest, 35, 641 (1956) 

VV Golman et al, ^eva 34.589 (1954) 

8 R Schoenheuner et al . J Btol Chem . 110, 659 (1935) 

»\\ Bergmann, Progrest in (he Chemittry of Pals and Otis, 1, IS (1952) 

E Bush, Rnf Med Bull, lO, 229 <193 1) 
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compounds of the normal senes the terra 5^ is used For a discussion 
of the configuration of steroids, see Shoppce® 

Examination of the formulae of the three sterols ^\j 1I sho^ the possibilitj 
of isomerism with respect to the configuration about carbon 3, which bears 
the hjdroxjl group Since the orientation of the h>dro\jl group in these 
naturallj occurring sterols is as with respect to the inethjl group at 
carbon 10, the bond at carbon 3 is drawn as a solid line (/?-orientation) 
In the carbon 3 epimer of cholcstanol (epicholcstanol) the hjdroxjl group 
has the a-orientation (le, the formula is drawn with a dotted line 
between OH and carbon 3) In natural sterols, the hjdrogen at carbon 
8, the methyl group at carbon 13, and the side chain at carbon 17 ha^ e 
the same orientation as the methxl group at carbon 10 (j8-oncntation) , 
while the hydrogen atoms at carbons 9, 14, and 17 have the opposite 
orientation (a-orientation) Since the hydrocarbon portion of the choles- 
tanols IS named cholestane, cholcstanol may be termed cholcstan-3^-ol 
or 3j3-hydroxy cholestane (epicholcstanol is cholcstan-Sa-ol) In partially 
unsaturated sterols (eg, cholesterol), the presence of a double bond js 
indicated by the usual systematic suffix “cne”, the position of nuclear 
unsaturation may be designated either by the symbol A yvith a super- 
script denoting the lower-numbered carbon atom inyoKod m the double 
bond, or by placing the carbon number immediately before the function 
term “eno” Since cholesterol is a dernatiyc of A5-.cholcstene (or 
cholest-5-eno), its systematic name is A5-choIcsten-3/?-ol (or choIest-6- 
en-3jS-ol) The hydrocarbon portion of coprostanol is named coprostane 
(or S^S-cholostanc) , coprostanol is therefore coprostan-3^-ol (or 5^- 
cholestan-3jS-ol) The terms cholestane and coprostane may be used 
to designate the appropriate steroids related to the parent compounds 

An important method for the separation of the 3;ff-hydroxy steroids 
from the cpi forms inyohes their selcclue precipitation by digitonin, 
a glycoside in which the aglycone is the steroid sapogenin digitogenm 
(p 636) The relatiye insolubility of digitonides of the S-hydrox-y- 
steroids not only depends on the orientation of the 3-hydroxy group, but 
IS influenced by the configuration of rings A and B and by the presence 
of substituents on ring D * Digitomn is extremely useful for the separa- 
tion of free cholesterol from natural sources, since it will not precipitate 
cholesterol esters (eg, cholcstcrjl palmitatc) such as those found in 
blood plasma Human blood plasma has a total cholesterol content of 
approximately 200 mg per 100 cc, of this amount, roughly one fourth is 
present as free cholesterol. 

Almost all the cholesterol (free and estenfied) of human plasma is 

3C y\ Shoppee Ann Reps, 43, 200 (1917), VtJamma and Hormones, 8, 255 
(1950) 

M Haslam aod W Ivljne, Biockem J, 55, 310 (1953) 
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An important animal sterol, shown by Ruzicka to be the major con- 
stituent of the sterols of wool fat, is the Cjo compound lanosterol 
(lanastadicnol, cryptosterol) , it is 4,4',14a*trimeth>l-A8 ai.cholestadien- 
3j8-oI, and hence is related to zjraosterol (p 623) Lanosterol is present 
in \er 5 small amounts m hier and >east, and has been shown to be an 
intermediate m tlie bios 3 mthesis of cholesterol* fp 628) 

The studies by ^Y Bergmann® ha\e shown the presence of a number 
of other sterols m the tissues of im ertebrates, and have draw n attention 
to the fact that no sharp hue of demarcation separates the sterols obtained 
from plant and from animal sources For example, y-sitosterol is present 



not onlj m higher plants but also in seiera! in\ ertebrates, it is probablj 
identical with the “clionasterol” first isolated from sponges Brassica- 
sterol (7,8-dih>droergosterol) is found in higher plants and in bixahes, 
and the compound ostreaaterol (or chalmasterol) is the principal sterol m 
ojsfers and clams Chondnllasterol, the 2-4-epnTier of the plant sterol 
a-spinasterol (p 622), has been isolated from fresh water algae and from 
marine sponges It ii:ia> be added that cholesterol is also found m manj 
im ertebrates, including protozoa and sponges 


Metabolism of CholesteroP^ 

Despite the nidc \anet> of sterols that occur m nature, and that maj 
be ingested higher animals, onl> a ■verj few arc absorbed bj the 
intestinal mucosa and transferred to the circulation Cholesterol is 
absorbed readil> , but cholestanol and coprostanol are not, crgosterol and 
closelj related sterols also arc absorbed, but apparently this is not true 
of any other plant sterol tcsjted Cholesterol absorption proceeds the 
Ijmph, and about 50 per cent of tlie absorbed cholesterol is estenfied, 
the major portion of the cholesterol in plasma is in the form of fall> 
acid esters The substrate spccificxtj of the intestinal esterases (cf p 

B CH>lonimd K Bloch, / Biol Chem 218,305 {I05G) 

D K Fukusbim'i am! H S IlcKsenfeld, in D M Greenberg Chemical Pathaays 
ol MeCabohsm Vol I, Chapter 8, Acadcmjc Press Kew York, 1054 
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th'it some nnimal tissues contain, in addition to cholesterol and clioles- 
tanol, small amounts of 7-dchjdrocholcsteroI ^hich, on irradiation 'nith 
ultraMolet Iiglit, is con\ertcd to another member of the Mtamin D group 
(^ itamin D 3 ) , ^ itamin Dj is present in fish h\ er oils The names ergo* 
calciferol and cholccalciferol ha\e been assigned to Mtamins Dg and D 3 , 
respectueh The role of this group of Mtamins m metabolism will be 
discussed in Chapter 39 



7-DehjdrochoIestcrol (A® ^*cholestadien*3y?-oll contains 2 double 
bonds, one of which is aUo present m cholesterol (A^-cholestenol) In 
addition to these two sterols, 'iiiiinal tissues and excreta contain an isomer 
of cliolestcrol, A'-cholestenoI (lathostcrol), which represents about 30 
per cent of the total steroids of rat skin 

1*D R Idler and C \ Baumann, / Biol Chem 193, 623 (1952), 'Uella 

and C V Baumann, ^rcA Biochem and Btophys , A~\ (193|) 
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not converted to cholesterol^® The conversion of A^-cholestcnone to 
cholestanol has been observed m rat Iner homogenates, such preparations 
also convert A^-eholcstcnone to chotebtanone, and reduce the latter to 
cholestanol The saturated ketone may therefore be an intermediate m 
the formation of cholestanol, as shoun m Fig 1 
Other important products oi the metabolic conversion of cholesterol 
are the bile acids (p 633) and the steroid hormones (p 637) Several 
substances arising from the chemical oxidation of cholesterol are caremo- 
gentc m experimental animals, and Fieser^*^ has suggested that such 
caicmogens can also arise m vivo as a result of abnormal metabolism of 
cholesterol 


Biosynthesis of Choiesferoi 

Although dietary cholesterol is rcadilj absorbed b> higher animals, 
it is not an essential compoapat of their diet On the other hand, several 
lower biological forms (lanac of certain insects, some parasites and 
microorganisms) apparently cannot synthesize sterols at a rate com- 
mensurate vv ith their needs The fact that most animals can make their 
sterols from smaller carbon compounds has long been known, and the 
use of isotopic methods has provided important information about the 
metabolic pathwa>s m sterol synthesis 
Of special signifteance have been tlie studies of Bloch and his associ- 
ates*^ Their earlier experiments** had shown that acetic acid is an 
effective precursor of cholesterol m the rat Accordingly, each of two 
tjpes of doubl> labeled acetic acid and C^'^HgC'^OOH) 

w as incubated w ith h\ cr slices, and cholesterol w aa isolated and subjected 
to s>stcmatic chemical degradation to detenmne the nature and concen- 
tration of the isotope m the carbon atoms of the sterol ** The results 
showed clcarl> that all the carbon atoms of cholesterol were labeled and 
that both carbons of acetic acid arc used for cholcstciol sjnthesis, of the 
27 carbon atoms of the sterol, 15 are derived from the methji carbon of 
acetic acid and 12 are derived from the carboxyl carbon The data 

iBH S AnkorandK Bloch.i Btol CAcm. 178,871 (1948), W M Stokes 6ts!, 
ibid, 213, 325 (1955) T M Harold et al. 221, 435 {1956) 

10 L F Fjcser, Science, 119, 710 (1954), L F Fjcaer et a!, J Am Chem Soc, 
77, 3928 (1955) 

sop H SiJvcrman and Z H Levinson, B^ehem J , 58, 291 (1054), R L Conner 
and W J lan Vtaptendonk J Gen Mterobial, 12, 31 (1955) 

K Bloch, Harcey Lectures, 48, OS (1954) 

22 Iv Bloch and D RiUcnbcrg, J R,ol Ckitn, 155,243 (1944) 

22 H N Little and K Bloch, / Biol Chem, 183, 33 (1950), J VVuersch et ak 
vfevd , 195, 45S {mi) 
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menial demonstration of the metabolic coIl^crslon of acetate to squalene, 
and of squalene to cholesterol, soon folloived,"'* the role of equalene as au 
intermediate m the biosjnthcsis of cholesterol became more probable 
nhen it vias that the C^^-labelmg of biosynthetic squalene is in 

complete accord v»ith that of biosynthetic cholesterol (Fig 2) 

The best knn^^•n source of squalene is the unsaponifiablc fractioa of 
shark Iner oil, it occurs in small amounts in mammalian h\er and m 
some plant oils Human scalp skm is relatively rich in squalene, and 
C^^-squalcne lias been isolated from scalp skm slices incubated with 
labeled acetate 

As shown m Fig 2, the conversion of squalene to cholesterol probablj 
mvoKes an initial e^clizatioa and oxidation to jield latiosterol (p 623) , 
in this process, the squalene molecule is “folded'^ in a specific manner 
before ring formation occurs, and two meth>l groups of squalene are 
shifted to provide the mcth>l groups at tlic 13 and 14 positions of lano- 
sterol fmdicated bj the dotted line arrows in Fig 2) The role of 
lanosterol as a precursor of cholesterol was suggested bj Ruzicka in 
1933, and later work demonstrated the formation of lanosterol from 
acetate in intact rats,’- the conversion of squalene to lanosterol by a 
soluble muit)cnz>me s>stem from rat liver,®'* and the transformation of 
lanosterol to cliofcstero) by rat liver preparations The over-all reaction 
wherebj squalene is converted to cholesterol requires the participation 
of and involves the removal tby oxidation to COa) of 3 meth>l 
groups (indicated b> curved dash lines m Fig 2) These meth>l groups 
represent the 4, 4', and 14 substituents m lanosterol, the 14-methyl 
group appears to be the first to be removed, with the formation of a 
4,4'-dimethj Icholestadicnol The loss of these 3 methyl groups inaj 
be expected to give zymosterol (p 623), which serves as a precursor of 
cholesterol in rat hver homogenates and m the intact rat®* For the 
formation of cholesterol from either lanosterol or zymosterol, the double 
bond m the side chain (between carbon atoms 24 and 25) must be reduced, 
and the A®-ene function must be changed to a A^-enc function The 
mechanisms in these changes arc unknowTi, but it is of interest that a 
sterol believed to be A® “*-cljolcstadicn-3j8-oI has been found in animal 

29 R C Uugdon and K Bloch S Bwl Chem, 200, 120, 135 (1953) 

S9J W Cornforth nnd G Popjak Bwchem J, SO, -103 (1954) 

NicoJaidcs et al / Am Chem Soc . 77, I53S (1955) 

32 p B Schneider et ttl J JJwl Chem 224, 175 (1957) 

33 T T Tchen and K Bloch. / Btol Chem, 226, 921, 931 (1957) 

3«R B Clfljton and K Bloch. J Biol Chem, 218, 319 (1956) 

33 F Gaulsthi and K Bloch J Am Chem 5oc, 79, mi (19S7), J A Ohoo, Jr, 
et al J Bwl Chem, 226, 941 (1957) 

3'’ J D Johnaton and K Bloch, J Am Chem Sac , 79, 1145 (1957) , E Schifcnk 
n&\,Arch Umchtm and Biophys 55, 274 (1955) . 66, 381 (1957) 
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obtijnc<l l»\ Bloch, to^ctlicr nith (ho«c of Comforllj ct }n^c pucn 
the niotnhohc onpin of *111 (he 27 c'lrhon ntom« of cholc«lcrol from (he 
c irhon atom" of acetate (h >p 2) It ma\ ht nddetl that the mcorporntion 
of lahcletl acetate into chole«tcroI i« not limited to rat l:\er «Iicc«, Init is 
n!‘-o (ITtcted h\ liomopenate** and ccll-frcc c\tracts of this ti'^uc” 


CMIrtlrroUC-IWO) 

oil I 
• I I I 

I I 1 

' o-' 


cu, ^au 

", II I ^CHj 

C HC=cC' 

. aiz ^cni \a\2 ^ 

\ . atil Jl \ .1 

ciu\ nj C»: 

If^cT Co 

I II i^9»3' 

HCV« CM rCH./ 

CHjx / CMa 






/ 


/ 

Lino«terol (CxH jjO) 


Flo 3 t liliitlmn of fAflxio n<om« of acrtir ac»I in iho hjo«\nthf«i« of jqiinlrno 
nil'! rliol* l< rol 


Of ihf loinpotjnd- tc‘-t(<l h\ Bloch and Bittenherp” a** precur'-op* of 
rhoIivtiTol \ritalt w thi mo t »frirtni , hoxMMr, later '■ho\M d 
tint ()u pri)n/> of j'fnalcnr and i* an i\cn hettrr pr(cnr*or 

e»f rholt -tt rol in (hi ri( It un« iho found tint liM r '>Iirc'> r in *>\ ntln -ire 
cholclirol from ledoirttic and without appinnt dipndation of thi 
fl kito icid to ( 2 unit-'*' 11 h-« f»rt'‘, and tlie pittirn of liliolnip in 
the iNpirnnint- ^\jth lalulnl aritit<, U'<1 to the •“Upr^i-tion that a 'i* 
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liver preparations This com ersion appears to invoh e the condensation 
of units of mevalonic acid (or a denvatne), with the loss of the carboxjl 
carbon as CO 2 , experiments vviUi labeled mevalonic acid (containing 
and tritium) have excluded dimethylacrjlic acid as an intermediate 
between mevalonic acid and squalene {see scheme on p 620) 

Because of the supposed role of dimethj lacrylic acid as a precursor 
of cholesterol, considerable attention was dev'oted to the biosynthesis of 
this C 5 compound by rat liv'er preparations (Fig 3) In addition, studies 
on the formation, m higher plants, of the poljisoprenoid rubber (p 664) 
have contributed important information about the biosynthesis of 
dimethj lacrylic acid and of related branehed-cham compounds 


CHgCO-CoA 

I 

t 

CHsCOCHjO) - CoA 


CoA 

_i_ 


OT 3 

HOOCCH2— C— CHgCO -CoA 
OH 

S-HyiJroTy»^“«*tliyl<luUni''CoA 


CHj 

CHa-CHCHaCO-CoA 

lioval«ryt>C»A 


2H 

A • lo • 6 
— ^ CH3— C=CHCO— CoA. 

Oiceettg'lacrytyl'CftA 

y^CoA 
Duncthylacrylic acid 


HjO 


CHa- 


hCOj 


CH 3 

-C-CHjCO- 

OH 


5 -Hydroxyu»v»leij^-CeA 
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animals 


The formulation of the reactions shown in Fig 3 is based largely on 
studies with C'^^-labeled connpounds Such studies have shown that 
dimethy lacry lie acid, ^-hy droxyvsov alenc acid, and isovaleric acid are 
formed from acetate by homogenates or by particle-free extracts of rat 
hver^* Of special importance js the fact that acetatc-2-C^4 gives rise 
to diracthy lacry he acid that is labeled m accord with the labeling found 
in the isoprenoid units of squalenc and of cholesterol formed from 
acet'\te-2-C^-* (cf Figs 2 and 3) 

As shown in Fig 3, the initial branchcd-cham compound formed from 
acety 1-CoA and acctoacety 1-CoA is a mono-CoA deriv atn e of /9-hy droxy - 
n Amdur et al J Am Chem Soc 79, 2&16 (1957) F Ditun et al tbtd , 
79,2650 (1937) JW Coroforth el al, BiocAem / , 69, 146 ( 1958) 

<‘J L UibmowitK and S Gunn, / Btol CAcm, 208, 307 (1954), J L Rabino 
v.i{z et al Ff'deratwn Proe, 14, 760 (1955), H Rudney and T G Farkas, tbtd^ 
14,757 (1955), H Rudney,/ Biol CAfOT, 227,363 (1057) 
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tissues, and appears to be a biological precursor of cholesterol Thus, 
z>raostcrol (the A® 2 -i-diene) m‘i> be con\ertcd to the A^'-^-dicnc 
(dcsmostcrol) prior to the reduction of the side chain 
The utilization of acetate for sterol ‘ 5 \nthcsis is not limited to higher 
animals, >cast and the mold Aeurospora use acetate as a precursor of 
crgostcrol Experiments ^ith a strain of Aei/rospora grown in the 
presence of indicate that o\er 90 per cent of the carbon 

of the sterol can be derned from acetate Howeaer, as shown b> studies 
with a east, carbon 28 of crgostcrol (p G23) is dcn%cd from “Ci units” 
rather than from acetate As m the rat, squalcne and zjmosterol may 
be intermediates in ergosterol s> nthcbis bj intact y cast cells In lar\ ac 
of tlic beetle Dermestc<i vutpmus, which require an exogenous source of 
cholesterol (or 7 -dehjdrochoIesterol), the conacrsion of squalene to 
lanostcrol aiijicars to be blocked, in this insect, acctatc-l-C^^ is con- 
verted to labeled squalcne, but not to lanostcrol or to cholesterol^^ 
Although the formition of squalene from acetate is well established, 
the metabolic pathwa} of this coniersion is not complctelj known From 
the isotopic labeling of squalene denied from isotopic acetate (cf Fig 2), 
it ma> be concluded that squalcne is denied from C identical isoprcnoid 
units Until rcccntl), the isoprenoid compound found to be most actiic 
as a biological precursor of cholesterol was the C 5 acid dimethjlacrjlic 
acid (also termed /3-mcth} Icrotonic acid or scnccioic acid) Howeier, 
as shown bj i«otopc experiments, the compound mcialonic acid 
(/ 3 , 8 -clihjdroxj-^-mcthiIialcnc acid) is a much better precursor of 

CH 3 ' CHj CH 3 CHj 

HOOCCH2-C-CH2CH2OH ^ OT 3 C = aiCH2ra2C=CHCH2CH2C = CHCH2— 

I k J 2 

OH 

Mevtlonk *04 Squklt«e 

cholesterol than is dimcthi lam he acid*- The 8 -lactonc of mcialonic 
acid has been i‘-olatcd from lutural sources in the cour-c of cfTorts to 
idtntifj an acctatc-rtplacing growth f ictor for some Lactobacilli Mein- 
lonic acid al«o is u«cd readili for the Mnthesis of «qualcnc b> jeast or 

3Tl\ M rt nt J Uiol Chem 220 115 (lav,) 232, 317 (10 kS) 

5" H ‘^ondtrliolT «ni! II TlioniiS dun C/um 530, 195 (1017) , K C Otlke cl nl 
J Itwl Chan ICa.iWI (1050), 109,429(1951) 

3-' II 1) inicl on nnd K Blocb J Am them S<»c, 79, ’500 (10 j 7), G J llcxindrr 
nndf ‘'Giw.nk J l!t»l C/.rm, 232 509 Cll (loys) 

*"I M Con\m ct nl J Im Chein Soc , 7«, 1372 (lOoG) l\ G Ditsbrn nml 
T M Iltuion i^k/ 70 2017 (I9o0) 

11 K Bloch rt al , /hoc/.int rl Jhoph]/^ ietn 21, 17C (105G) 

*■*1’ \ Ta\ormm'\ctnl,y \m Chem Soc, 70 410S fi2!0(l9^) 
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Although the luer is of major amportancc in cholesterol synthesis, 
other animal tissues are also capable of performing this process®* As 
judged by isotope data, the half-lifc of cholesterol m the li\er of the 
intact rat is about 6 daj s, in tiie extrahepatic tissues the half-hfe is about 
32 days 


The Bile Acids 

The bile acids are qunntitatnclj the most important end products of 
cholesterol metabolism in higher animals It will be noted from the 
formulae of the bile acids show n that the ring structure is identical to 




Deoxj’choliC acid Utho^bcacii 

that of coprostanol {rings A and B are as ) , the parent steroid is the 
C24 compound termed cholanic acid All of the hydroxjl groups ha\e 
an a-orientation, and these bile acids do not form precipitates wdh 
digitonm (p 621} In human bile, the principal bile acids are cholic acid 
(3a,7a,12a-tnhjdroxjchoIan3c acid), chenodcoxychohc acid {Za,la‘dih}- 
drox'j cholanic acid), and dco\> cholic acid (3cr,32a-dih}droxycholanic 
acid), hthochohe ncid (3a-hj droxj choHmc acid) occurs onij m traces 
Other bile acids also ha\e been found m tlie bile of ^e^tcbrates Tor 
example, pig bile contains bile acids with a 6-hydroxjl group, such as 

«P A Btr-TCCta\yJ Biol Cftem, 182, 629 (1950) 

G A D Huficwood Physiol Revi , 35 , 178 (1955) 



CHEMISTRY AND METABOLISM OF STEROIDS 


631 


^-methj Iglutaric acid (This acid does not appear to scr\e as a pre- 
cursor in cholesterol synthesis, presumabU because it is not con\ertcd 
readilj to the acjl-CoA deri\ati\c) Decarboxylation of the acyl-CoA 
compound is behe\ed to jield JS-hJd^o\Jlso^ale^Jl-CoA, the re^ersal of 
this reaction, le, the fixation of COo by ^-h>dro\>iso\aler>I-CoA to 
form /J-hjdroxj-zS-methjlglutarjI-CoA, is effected bj luer preparations 
(p 788) 

The dehydration of /3-h> droxj iso\ alerj 1-CoA to diraethjlacrjIjl-CoA 
IS cataljzed bj crystalline crotonase (p 598) Dimeth>lacryIyl-CoA can 
also arise by the dehydrogenation of iso\aleryl-Co\,^® this reaction, 
which is analogous to the dehydrogenation of fatty acyl-CoA compounds 
in the ;8-oxidation of straight-cham fatty acids (p 597), is also effected 
by an enzy me sy stem present in li\ er extracts The enzy mic con\ ersion of 
iso\aleryl-CoA to dimethylacrylyl-CoA explains the observation that 
iso\aleric acid is an cffectne precursor of cholesterol It is of interest 
that iso\aleric acid is present in relatively large amounts m the skin 
excretions of dogs and of other animals^* This C5 acid may arise not 
only from acetate, ns described above, but also by the degradation of 
L-leucine (Chapter 32) 

The conversion of C^‘*-labcled /J-hydroxy isovaleric acid and dimethyl- 
acrylic acid to squaicne and cholesterol has been demonstrated m rats 
and with rat liver preparations, and the isotope distribution m tlie 
labeled cholesterol i» consistent with the view that the acids were con- 
verted to cholesterol without prior degradation to acetate The chemical 
events m the conversion of dimethylacrylic acid and mevalonic acid to 
squaicne have not been elucidated It may be surmised that dimethyl- 
acrylic acid IS converted (via its acyl-CoA derivative) to ^-hy droxy -/?- 
raethylglutaryl-CoA (Fig 3), from which mevalonic acid could arise by 
reduction The possibility exists that the biosynthesis of squaicne in- 
volves the intermediate formation of a C15 unit, and that 2 such units 
combine to form squaicne (note that squalene is composed of 2 identical 
C15H25 units, p 627) A known C15 compound tliat might be a pre- 
cursor of squaicne is the isoprcnoid farnesenic acid, w Inch can be prepared 
by the chemical oxidation of the widely distributed plant alcohol farnesol 
(p C63) It IS uncertain at present whether rat liver extracts can 
convert farnesenic acid to squaicne 

CH 3 CH 3 CHa 

CH3(!:=CHCH2CH2C=CHCH2CH2C^CHCOOH 

Fanmemc and 

<5R K BachliiTrat et al , J Biol CAcm , 219, 539 (1956) 

Broimcr and N J Nijkamp Btockem J, 55, 444 (1953) 

Bloch et al J Biol Chem, 211, 6S7 (1951), F Ditun et al tbid 2‘»1 
181 (1956) 
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Comparjson of the formulae of cholesterol (of p 620) uith those of 
the bile acids shows that the metabolic conversion involves the reduction 
of ring B, the introduction of a-onented hydro-vjl groups, and the trans- 
formation of the 8-carbon side chain to a S-oarbon chain The formation 
of the 5-carbon side chain of the bile acids mv oh es the ovidative removal 
of carbons 25, 20, and 27 of cholesterol “ It appears that the hydrovyla- 


Cholesterol — Deoxycholic acid Cholic acid 



tig 4 Postulated pathwajs of bile aud formation in the intait rat Transfer* 
maliona that ha\e been demon«ilrated experimentally are indicated bv solid Jme 
arrows, postulated transformations are dmolcd bj dash Ime arrows 


tion of the ring system is largely completed before the formation of the 
S'Carbon side ebain, thus 7o-hjdrox> cholesterol can be a precursor of 
cholic acid m the rat, and both 3a,7a-dihydroxycoprostane and 3a,7a,l2a~ 
trih>aro\>coprostanc are readily converted to cholic acid The dih>' 
droyycoprostane also serves as a precursor of chenodeoxychohe acid, 
nhich, in the rat, is not a precursor of cholic acid but is converted to 
bile acids nith hjdroxyl groups at the 3, 6, and 7 positions =3 On the 
other hand, deoxj cholic acid is readily transformed to cholic acid, and 
IS an intermediate in the conversion of cholesterol to chohe acid The 
hydroxylation of deoxycholic acid has been effected with rat Iner extracts, 
and the substrate is the taurine conjugate (taurodeoxychohe acid), which 
is converted to taurochohe acid 


MI Zabm and W P Barter, J Biol Chem, 205, 633 (1953), W S Lymi, Jr 
ct al. Federation Proc, 14 , 7S3 {1955) 

MS Bci^lrom et al, ^cin Chem Scared, 8, nOO < 1951 ), Bwchim el Bwphv’ 
K t"' ^ ^'“bowald ct al, 7 Biol Chem, 225, 781, 811 (1957), 

S Lmdstedt, Acta Chem Seand , 11, inans!) 

BcrEslrSm and U Oloor, Acla Chem Scand, 8, 1373 (1654), 9, IMS (1955) 
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h>ochoUc acid (3«,Ca,7a-tnh>drox>cholamc acid), and p>thon bile con- 
tains pjthochohc acid (probabI> 3o,12a,16a-tnh\dro\jcholanic acid) 
The bile acids occur in bile as “conjugates" of the ammo acids glycine 
and taurine, to which thej are bound bj an amide linkage as shown 


^CH 


C0~NHCH2C00H 


^ CH ^CHz 

I I 

• CO— NHCH 2 CH 2 SO 3 H 


Side chain of slyc^holic acid Side chain cf Uurocholie acid 

Thus, cholic acid is linked to a gl>cinc residue in glvcocliohc acid, and to 
a taurine residue in taurocholic acid These conjugates are present as 
anions ( — COO“ and — SOj-) at phjsiological pH \alucs, and their 
water-soluble salts (bile salts) arc cffcctne m emulsifying fats and 
other water-insoluble substances Because of this high surface activity, 
the bile salts promote the intestinal absorption of lipids such as 
cholesterol Bile acids conjugated with taurine are found in the bile 
of all higher animals examined, but glycine conjugates appear to be 
limited to some mammals (eg , rabbit, guinea pig, man) Although bile 
secreted into the intestinal tract contains little, if any, free bile acids, 
they are found in the feces, it is probable that the amide bond of the 
conjugates is cleaved bv microorganisms present in the large intestine 

Metabolism of Bile Acids The metabolic conversion of isotopic 
cholesterol to labeled chohe acid has been demonstrated m several 
mammals (rat, rabbit, man) The livtr is the principal site of this 
conversion, and the bile acl(^^ (as conjugute&) arc secreted into the 
intestine via the bile ducts and gall bl wider Since the bile acids are 
not oxidized to COo m annual tisMic-, they represent true end products 
of cholesterol mctahohsni However, only a small fraction of the bile 
acid conjugates that enter the mtc-'tinal tract is directly excreted in the 
feces, they arc largely rc ibsorbed and returned to the liver vn the portal 
circuhtion 

In ‘‘tudic‘* on the metabolic patliwava in the bio-y nthcsis of bile acids, 
i=otoj)ic prccur^orij have been injected into animals with a bile fistula, 
and the hile w is collected and analyzed before it entered the intestinal 
tract For the scjuration of the component bile acida, chromatographic 
and counli rcurrent dislrilmtion teehniquc'* have been of rlccisivc value 
‘'uch ‘•tudiis have Ud to tlie formulation of the metabolic pathwavs 
vhoun in Fig *1 

-'*0 \ 1) Ila-ili w ( mmI and y Wootton Iltochrtn J 17, 5,SI (19>0), GAD 
lln liwood. ifiii/ 62, C37 (19v,G> 

M D Sipcpitrm ami I I ChukofT falcrahon Proc^ It, 7C7 (1955), S Borg- 
Blfom *nd n Ilorg-iirom, Ana Jlci Dtoehem,2o^ 177 (105G) 
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are extremely cffcolno as surfacc-actae agents {detet gents) Associated 
with this property is their ability to heinoljse erythrocytes Hydrolysis 
ol the steroid sapomns produecs agiycones (sapogenins) , the best studied 



of ishich are the following (obtained from the sapomns of Digitalis 
purpurea) digitogenin (from digitonin), gitogenm (from gitonin), and 
tigogemn (from tigonm) The formula of tigogenm is shown, gitogenm 
IS the corresponding 2e,33-dioI, and digitogonm is the 2<.,33,l5/3-tnol “ 

«»C D|crMartal J Soc , 1R, MBS 0556) 
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The conversion of a hjdroxjlated C 27 sterol to a bile acid presumabh 
proceeds b\ initial oxidation of one of the 2 methvl groups at carbon 25 
to a carboxv 1 group, v leldmg a hjdroxjlatcd coprostanic acid Za,’Jtt,\2a- 
trihjdrox>coprostanic acid has been isolated from alligator bile, on 
injection into rats, it is degraded to cholic acid®^ 

Lithochohc acid is also formed from cholesterol m the intact rat, and 
its conversion to eiicnodeoxj cholic acid has been postulated Litho- 
chohc acid IS metabolized further to hitherto unidentified acids 

It should be emphasized that the reactions indicated in Fig 4 arc 
based on experiments with rats, ebpeciallj since it has been shown^® that 
deoxv cholic acid is not converted to cliolic acid in tlic rabbit 
Although onlj the conversion of deox> cholic acid to cholic acid b> 
rat liver has been shown to involve the conjugates, prior conjugation 
with gljcinc or taurine maj also be nccessarv for the lijdroxvlation of 
lithochohc acid and of chenodcox} chohe acid The foniiation of the 
bile acid conjugates is cataljzcd bj enzjmcs present in liver,” in this 
process, the bile acid is "activated” by enzvmic conversion to an acjl- 
CoA compound (eg, choI>I-CoA) m a manner analogous to the actua- 
tion of fattj acids (p 595) The reaction of chol>I-Co\. with gljcine 


GioUc acid 


CoA 

ATP Mg 8+ 


Qialyl-CoA 



Taurocholic and 
Oycochohc and 


or taurine is cataljzed b} a "transferase” distinct from the "actuating 
cnzjmo” It was mentioned before that the tv pc of conjugate found in 
bile maj differ in vnriou«i animal species It is significant, therefore, 
that cnzjinc preparations from rabbit hver have been found to form 
onlj gljcocholic acid, whereas tho«c from chicken liver form onlj tauro- 
chohe acid >>1111 prcpiration« from rat and human liver, both tjpes of 
conjugates are formed from cliolic acid, prcsumablv , the reaction 
of chol>l-CoA with gl>cine ami with taurine is cataljzed bj different 
“transferases " 


Steroid Glycosides 

Among the naturallj occurring deru itivts of the steroids are a large 
number of gljcO'idc^ found widch di'^tribulcd in the plint kingdom 
Mention inav he made fir-t of the "neutril sapomns” winch, in solution 

J IlniltnMlrr nnd I m<l lotU Jrta Chem Scand , 11, 400 (1057) 

“'’I’ II 1 kdilil nnd J ‘'jdMill Acta Phynul Sranrf 31, 287,329 (1055) 

6’J hrrmrr Acta ( hrm Scand 10 56 (I**j6) Biochcm J 63, 507 (1956), 
W H Ilholt ,hid 62. 427, 4T3 (1956), M D Siprrsicm and A \\ Murrav 
Snrnff 123 , 377 (ia>6) 

b II T Iliotl, 7, 63 315 (1957) 
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effects, but these depoud ou Ihcir chemical structure Thus the adreno- 
cortical hormones (elaborated by the cortex of the adrenal gland) are 
all derivatives of tlie C21 hydrocarbons pregnane and alloprcgnanc 
{Table I) Largely as a result of the ■aorlv of Rcichstcin and his associ- 
ates'^* and of Kendall, Wmterstemer, and Simpson, tvienty-four different 

Table I Parent Hydrocarbons of the Steroid Hormones 

Total 

Number of 

Carbon Atoms Hjdrocarbon-Sjd-sencs R R' IIjdrocarbon-5a-sc«cs 

21 ^Pregnane (pregnane) CHj CjHj 5a-Pregnanc (allopregnane) 

19 5/3-Androstane (ctio- CHa H 6o:-Androstano(aiidrostane) 

cholanc) 

18 Estrinc H H 


R* 

R* 


^|!^h 

R 1 H 1 

H 1 H 1 1 

H 

^ j H 

H 

H 

ifi-Sc rtcA (nnfiA A/B eti) 

Se 6ene» (nae» A/B Inm) 


steroids of this type have been isolated from extracts of the adrenal 
cortex Of these, seven compounds arc of special interest, smcc their 
administration can cause many of the physiological effects produced by 
the unfractionatcd tissue extract (Chapter 38) The formulae of these 
“corticosteroids” arc shonn on p 039 

Corticosterone and cortisol arc the major corticosteroids secreted by 
the adrenal gland into the circuhtion, the others (deoxycorticosterone, 
17-hydroxj deoxycorticosterone, 11-dcbydrocorticostcrone, cortisone, al- 
dosterone) are secreted in much smaller amounts It uill be noted from 
the formulae that all these corticosteroids ha\e at carbon 17 a kctol side 
chain ( — CO — CHgOH ) , this is a strongly reducing group, as in the keto 
sugars (cf p 409) 

Another pregnane dernatne m the adrenal gland 15 progesterone (p 
C40), i%hich lacks the kctol group, and differs from the adrenal cortical 
hormones m its physiological effects The function of progesterone is 
to promote the proliferation of utenne mucosa and thus to prepare this 
tissue to recej\c tlie fertilized o^um This “progestational” hormone is 
elaborated m relatively large amounts by the corpus lutcura of the 

Rciehstpin «nd C W Shoppcc ^tiamtns and Iformonea, 1, 315 
S A Bjmpsoa ct al , Expencniia, 10, 132 (105-1) 
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Another large group of steroid glj cosides, usually found associated 
with the saponms, are the compounds that exhibit a characteristic stimu 
latory action on the activitj of mammalian heart Overdosage with these 
cardiac glj cosides leads to the stoppage of heart action, and some of 
these substances ha\e been used by aborigines as arrow poisons A few' 
of the more thoroughlj in\ estigatetl cardiac aglj cones are digitoxigenin 
(from Digitalis purpurea), periplogenin (from Penploca graeca), and 
strophanthidin (from Strophantkus Lotnbe) The cardiac agljcone 
sarmentogenin (from Strophantkus sarmentosus) is of special interest 
because of the presence of an 11-hydroxyl group, as in some adrenal 
steroids (p 639) 

The venom secreted by the parotid glands of \arious toads contains 
steroids that are structurall> related to the agl> cones of the cardiac 
gl> cosides from plants Among these toad steroids is gamabufotalin, 
whose formula is shown, all the known members of this group haie a 
6-membered unsaturated lactone group In the venom, these steroids 
are not linked to sugars, but rather to suberjlargmmc bj an ester linkage 
in\olving one of the h>drox>l groups of the steroid nucleus and the free 
carboxjl group of suberic acid 

It will be noted that cardiac aglyconcs mentioned above contain a 
pentenolactone group at carbon 17 of the steroid nucleus This group 
has also been found in the \esicant (bhster-mducing) agent proto- 
anemonin, which occurs naturally in the buttercup and m related plants 
Protoanemonin is readily con%ertcd to the dimenc product, anemonm 



Like the bile acids, a number of steroid hormones of animal origin 
may be described as products of cholesterol metabolism In this chapter, 
the chemical structure of these hormones and their metabolic synthesis 
and degradation are considered, their physiological effects will be 
discussed in Chapter 38 in relation to the hormonal control of metabolism 
The steroid hormones arc usually classified into se\eral groups (adreno- 
cortical hormones, estrogens, androgens) on the basis of their phy siological 

C Elderfiold, Ckem Revs, 17, 187 (1935), A Stoll The Cardiac Glycosides, 
nnrmaceiitical Press London, 1937 T Ileich«tein Angew Chem , 63, 412 (1951) 
R Hill and R %an Ilejningcn, Biochem J , 49, 332 (1951) 
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PK^catcTOtse fVegtiKnediol 


The estrogenic hormones (estrone, C8tradiol-17/3, and estnol) are 
dernatives of the Cja hydrocarbon estranc (cf Table 1) Estrone is 
produced in the follicle of the ovarj, and its name is derived from its 



Estriol 


abilit> to induce estnis (sexual heat) in immature female rats It was 
first isolated in 1929 (Doisy, Butenandl*^) from the urine of pregnant 
Vromen, and has also been obtained from adrenal extracts, as well as 
from ovaries, mare urine, the unne of stallions, and palm "kernel extracts 
Human pregnancj urine also contains estnol, and mare unne and ovaries 
also contain estradiol These estrogens (or follicular hormones) arc 
concerned with the development of the secondarj sex characters (mam- 
marj glands, female form) Estradiol is the most potent phjsiologicall). 
and estnol is the least active 

Companson of the structure of the estrogens mentioned above with 
that of the other steroids discussed m this chapter shows the estrogens 
to be characterized bj the absence of a meth>l group at carbon 10 and 
> t e aromatic nature of nng A Marc unne contains two other steroids, 
*3 A Butenandt, Chemutry and Indwitry, 5S, 990 <1936) 
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o\ar>, its presence in adrenil tissue is a consequence of its role as an 
intermediate in the biosynthesis of the typical adrenocortical hormones 


CHjOH 



Deozyeomcoeterooe (DOC) 17-Hyd»iyd«syttoitMort«flna 

(DMzycoTtuol. Rc>chit«m ■ eonpound S) 



CoTttcDetaroaa 17>H7dm:rttrtice«teron» 

(Cortuol, bydroorttsoBe. Eeadall a eesapouBd F) 



ll-D«li7diocortieMt<ros« 17-Hjrdnz7-ll-deIi7drocottieo*teTon« 

(Cortuooe Kendall a compoand E) 



Aldoateione (EieetNcaKia) 


(p 043) A clo'cly related «tcroid, prcgnancdiol, is present in Iiuman 
and rabbit urine, and is a major product of progesterone inctaboli'^in m 
tlic'c ‘•pccies (p 048) 
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the placenta to progesterone, from which pregnanediol was then formed 
{p 648) Subsequent ^ork demonstrated that adrenal tissue can convert 
C^'^-labeled cholesterol to labeled progesterone, as ^ell as to corti' 
costerone and cortisol,®^ and that cholesterol is a more efficient precursor 
of the hormones than is acetate It is not certain, hov^ever, thaf 
cholesterol is an obhgatorj intermediate in the biosynthesis of the adrenal 
hormones from acetate < 


Cholesterol Aldosterone Corticosterone 



fig 5 Proposed pathways m the biosynthesis of the adrenal cortical hormones 


The current victvs about the pathways in the biosynthesis of the adrenal 
corticosteroids are largely based on the identification of labeled products 
formed by perfusion of isolated adrenal glands with C^^«labeled pre- 
cursors, or b> incubation of such precursors with homogenates or extracts 
of the gland The know n metabolic reactions leading from cholesterol 
to sev er.il of the adrenal steroids are gn cn in Fig 6 Comparison of the 
formula of cholesterol (p 620) with those of corticosterone and cortisol 
(the major steroids of the adrenal secretion) shows that four important 
structural changes mu&t occur m the formation of these corticosteroids 
(1) scission of the isooctjl side chain of cholesterol to comert the Cst 
steroid to a Cai compound, (2) formation of the A^-S-keto group eharac- 
tcnstiG of ring A, (3) introduction of a h)drox>I group at carbon 21 
(m the synthesis of cortisol, this may be preceded by the addition of the 
a-hjdroxjd group at carbon 17), (4) introduction of a / 5 -hjdrox>l group 
at carbon 11 All these transformations are effected by an adrenal 
preparation that performs the net synthesis of corticosterone and cortisol 
from cholesterol under conditions where neither the hormones nor 
cholesterol is formed from acetate^® 


G Bhgh et a! Arch Biachi,m and Btophi/s, 58, 249 (1955) 

Hechter ct al, Arch Biockcm and Btophys, 46, 201 (1953) 

“i® E Heicli and A L Lehnmgcr, Btocktm et Biopkys Ada, 17, 136 (1955) 
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equilin and equilenin, m which nng B is either partially or totalh con- 
\erted to the aromatic form These two compounds are onlj weaklj 
estrogenic 




Just as the o\arnn follicular hormones cause the deielopment of the 
tj'pical female characteristics, so the principal steroid hormone of 
the testis (testosterone) exerts a profound influence on the male genital 



tract and is concerned w ith the appearance of the secondarj male charac- 
teristics (eg, the growth of the cock’s comb, or the horns of a stag) 
Androsterone, a major product of the metabolism of testosterone, is 
excreted m the urine, it is an androgen, but is lees actne than testoster- 
one*^ These androgenic hormones are deri\ati%es of the Cjo hjdro- 
carbon androstane (Table 1) 

Biosynihesjs of the Adrenal Hormones®’ The aiew that cholesterol 
is a precursor of the adrenal steroid hormones recei\ed support from the 
obser\ ation'"'' that the amount of cholesterol m adrenal glands is markedly 
decreased when the production and release of hormones is stimulated 
It had al'O been shown that the administration of deuterium-labeled 
cholesterol to a pregnant woman ga\e rise to labeled pregnanediol m the 
urine, presumablj, the administered cholesterol was eonaerted m 

R I Dorfman and R A Shiplea dndrogerw John ^\ile 3 and Son.* New \ork, 

1956 

*^0 Hecliter and G Pincus Physiol Reis, 34, 459 (1951), X Saba and 
O Hechter, Fi-dcTation Proc 14, 775 (1955) 

*®C X H Long Recent Progress tn Hormone Research 1, 99 (1917) 

*'K Bloch J Biol Chem, 157, 66! (1945) 
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and vihich requires TPNH and O2 for its activity ’’ The o\*ygen of the 
newly introduced hjdroxyl group is derived from O2 and not from water, 
indicating that an oxidase (or peroxidase, cf p 353) is involved in the 
reaction It will be seen from the formulae on p 639 that 11^- 
hydroxy lation of DOC and of 17-hydroxyDOC yields corticosterone and 
cortisol respectively 

Little 18 known at present about the biosynthesis of the other adrenal 
cortical hormones Aldosterone (which contains an aldehyde group at 
carbon 18) may arise from DOC, since adrenal preparations can effect 
this transformation” The conversion of cortisol to cortisone occurs 
%n VIVO, and it has been assumed that cortisone and dchydrocorticosterooc 
arise by the oxidation of the ll^-hydroxyl group of cortisol and corti- 
costerone respectively 

Btosynthests of the ^dro gens ^ Cholesterol and acetate sene as 
precursors m the biosy nt^sfs m testosterone by the testis, and the postu- 
lated metabolic pathway (Fig 6) involves the same steps leading from 
cholesterol to 17«-hydroxyprogcsteronc as m the biosynthesis of the 
adrenal cortical hormones’® Oxidative degradation of 17o-hydroxy- 
progesterone (loss of carbons 20 and 21 as acetic acid) produces 
andro&tenc«3,17-dione, which is reduced to testosterone 

Several androgens other than testosterone are present in adrcn'il 
extracts These probably arise from dehydroepiandrosterone, which is 

HaiaaoaadJl I Dorfmon / Bio! CAem, 211, 227 (I9&1) , ArcA Biochem 
onJ fiiopJiya, 59, 529 (1905) A C Brownie ct al , fiiocftew 7 , 58, 218 (1954), 62, 
29 (1956), J IC Grant tbtd, 64, 559 <19S6) 

J Aj-rcs et al Biochem J, 65^ 22p (1957) 

0 Brady,/ Biol Cfeew, 193, 145 (1951), H H ttotiz et a! , ibid, 216, 677 
(1955), Vr R Slaunwhjtc, Jr and L T SamucKt&td, 220, 311 (195G), W S Lyiia 
and R Brown, Biockxm et Biophys AeUi, 21, 403 (1956) 



Tlie first recognized products of cholesterol metabolism in adrenal 
tissue are the Coi steroid pregnenolone (Fig 5) and the Cg fatt> acid 
isocaproic acid Enzjme systems that effect their formation ha^e been 
identified m particle-free adrenal extracts, for maximal actiMt}, DPN 
and ATP arc required The comeision of cholc^tcrol to pregnenolone 
appears to be the rate determining step in the formation of the cortical 
hormones, and it lias been reported tint the pituitarj adrenotrophic 
hormone (which stimulates adrenal cortical secretion in vivo. Chapter 
38) regulates the rate of this step ” 

Pregnenolone is con^ erted to progesterone bv the action of a DPN- 
dependent 3/?-h}droxj steroid deh> drogenase .s\ stem found in the micro- 
somal fraction of adrenal tissue” The dehjdrogenation reaction results 
in the remo\al of 2 hjdrogcn atoms from the CHOH group at position 
3 and the simultaneous shift of the double bond from the A® position to 
the A'* position (see formulae of pregnenolone and progesterone) Tlie 
con^crslon of pregnenolone to progesterone also is catalyzed b> prepara- 
tions from placenta and from corpus luteum,*'* and thus appears to be 
inaoKcd in the formation of progesterone from cholesterol in those 
tissues This con\crsion of cholesterol to pregnenolone and progesterone 
IS also effected bj the testis and the o\ar>, and probablj represents the 
initial steps in the biosanthcsis of the Cj© and Cig steroid hormones 
produced in these organs 

In the adrenal gland, progesterone seracs as a precursor of cortisol and 
of corticosterone (cf Fig 5) On the pathwaj leading to cortisol, a 
hjdroxjl group is introduced in the 17 position bj an cnzjme system 
('‘ 17 -h\dro\>lasc”) , the product is 17a-iijdrox'>progestcrone ” A dif- 
ferent enzjmc s^steIn cataljzcs the introduction of a hjdroxjl group in 
21 position to form 17-lndroxw deoxycorticosterone from 17a-lijdroxj pro- 
gesterone, this cnzMiie system, which requires botli TPNH and 0_ for 
its actiMty , can also con\crt progesterone to deoxycorticosterone’® 
It IS probable that both a reduced py ridinc nucleotide and O 2 arc 
essential for the action of the 17-Iiydroxy lase as well as of the 
“21-hydroxy lase” (p G44) 

The final steps in the formation of corticosterone and of corti«ol imoKe 
the introduction of tiic ll^-lndroxyl group by an enzyme sy^tem (“11^- 
h\drox\ late”) present 111 the mitochondrial fraction of adrenal tissue, 

I Stnplo ct al J liinl Chem , 219, 815 (19oG) 

7-1) Stone and 0 Hechter irch Ihoehrin and Ihophv^ SI, -157 (19o|) 

73 K I Iloxer and h T fcamueU / Biol Chem 219, C9 (I95C) 

7* W H IVnrlnnn ct a! J Btul Chem 208, 231 (1951) 

7-J r Plieer and L T SimiicL* J Biol Chem, 211, 21 (1951), II Le\> et al 
211. SC7 (1951) 

70 K J Rjan and L b nngel, J Biol Chem, 223, 103 (1957) 
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3,17-dione from progesterone** The degradntion of androgens maj 
invol\e h}'droxjlation at carbon 19, folloT\ed bj oxidative removal of 
the entire CHiOH group to jield Cjg steroid v>iih the characteristic 
aromatic ring A of the estrogens (cf accompanying scheme) 



<i*»An4rosUn-19-ol*3 J7-Aone 

Most of the available data on tlic interrelation of estrone, estradiol- 
17^, and estriol (p 640) have come from studies on the excretion of these 
steroids fay women given C^-^-labelcd compounds, and evidence has been 
obtained®* for the interconversion of estrone and citradiol-17/5, both of 
which are converted to estnol A DPN-dependent “estradiol-17^ 
delivdrogenase" is present in human placenta, and it catalyzes the intcr- 
conver&ion of estrone and estradiol-17^, the enzyme sjstcra does not act 
on estradioI-17o!, an estrogen isolated from marc urine*® It is uncertain, 
however, whether estradiol-17^ is an obligatory intermediate m the 
formation of estnol from estrone 

Cotabohsm of Ihe Steroid Hormones ** The breakdown of steroid 
hormones in human beings leads to the excretion of catabolic products in 
the urmc, largely as conjugates of glucuronic acid or (in the case of 
androgens) of sulfuric acid Tlie conjugation of steroids with glucuronic 
acid IS catalyzed by an enzyme sjstom in liver, and involves the transfer 
of a glucuronic acid residue from UDP-glucuronic acid (p 537) to a 
steroid h>dro\>l group** The liver also contains an cnzimie system 
that catalyzes the formation of steroid sulfates*® by the interaction of 

83B Biggett ct al , 7 Biol Ckcm 221, 931 <I95C) , H H WoUr et al , , 222, 

487 (1956), S Solomon el al 7 Am Chim Soc , 78, 5153 {1956) 

«C T Beer and T F GanaBher,7 Bxol , 2U, 335, 351 (1955) 

85 L Langer and L L Engel, 7 Btal Chem 233, 583 (lOoS) 

SOM Leufreta! 7 Biol CAc7»i,222,98l (I95G), G F Marnan ct al Biochem 
7, 66, CO (I9j 7) J B Brown and G F Maman, 7 Endocrinol , IS, 307 (1957) 

87 S Liebertnan and S Tcich, Pharmacol Revs, 5, 285 (1953) 

88 K J Isselbachcr and J Axelrod, 7 Am Chem Sac, 77. 1070 (1955), G J 
Dutton Biochcm 7 6*, 693 (1356) 

89R U DpMoio and C LewjcU, Endocnnology, 56, 4S9 (1955), A B Boj, 
Biochem J, 63, 294 (1956) 
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thought to be the initial Cio steroid formed in the adrenal gland®“ 
(Fig 6) 



Fig 6 I’ostulatcd pat^l^^n^8 id llic biosjnllic«i3 of testicular and adrenal androgens 


Biosynthesis of the Estrogens®* \ltIiougli the o\nrj and placenta are 
tlic major «itos of estrogen formation, both the adrenal ghnd and the 
tc‘'tis aKo produce- estrone Relatnclj little is known about tlie niccha- 
niMii of estrone <!jntliesi5 m an> endocrine tissue, but the possibihtj that 
progc'-tcronc and testosterone ‘kjiwc as intermediates is suggested bj the 
finding that placental tissue can con\crt testosterone to A^-andro'teno- 
3,17-dionc and thence to estrone^- Similar s>nthcsis of estrogens from 
tc^tostcrom, is effected bj ovarian ti^'^ue, which also forms androstene- 

»•'' A S Mo\rr ct nl , Afln /"nf/omno/ogifvi IQ, ItS (lOoo) , E Bloch ctal,/ IhoX 
C/irm, 221,737 (laaT) 

** U 1 Dorfmin m G Pinrm nnd K ^ Thimmn The Hormones, Vol III 
Cliii'trrl2 Andi mic I’ros.'< New ^ork IOjS 

>-A S Mr^cr Uwchxtn tt Hiophys Acta, 17, 441 (ID55), Fipcrxcntia 11, 99 
iia^) 
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Such substrate specificity is not displayed by liver enzymes that catal>ze 
reactions of t>pe IV, the reduction of the 20-keto group, both unsaturated 
steroids (cortisone, cortisol) and saturated steroids (tetrahydrocortisone, 


AdrenatUnos 



Fig 7 Catabolic rcscljocs of adrenal steroids cataljzed b> rat hver enzymes 
Roman numerals correspond to the reaction types discussed m the text 


tetrahydrocortisol) are reduced Houcxer, the products formed may be 
cither 20a-h>droxy compounds (cortolone) or 20^-hjdroKy compounds 
(i3-cortoI) ^ Highly hydroxylated steroids sucli as cortolone and cortol 
represent the major urinary end products of the catabolism of the adrenal 
cortical hormones m humans®^ 

Although the 20»hydro\y compound pregnanedio) (p 640) is the main 
urinary product of progesterone metabolism in human subjects and 
rabbits, it is not excreted by rat« Rabbit h\er can comert progesterone 
to pregnanediol , pregnanc-3,20“dionc and pregnan-3«-ol“20-one (prod- 
ucts of reaction types I and II) arc also formed On the other hand, 
rat h\ er appears to be unable to reduce the 20-keto group of progesterone, 

o«C de Courcy and J J Schneider, J Btol Chtm, 323, S65 <1956) 

K lukushima ct a! , / Biol Chem,Zl2, 449 (1953) 
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the steroid ^ith an “actuated” fonn of sulfuric acid (adenosme-3'- 
phosphatc-5'-phosphosuIfatc, p 795) For the isolation of the free 
steroids from urine, the glucuronides and sulfates are hjdroljzed bj 
treatment of the urine Tvith a preparation of /J-glucuronidase (p 432) 
or steroid suUatasc (p 796) 

The liver is probablj the major site of the mammalian catabolism of 
all the steroid hormones, which are converted to a large varictj of 
ph> siologicall> inactiv c compounds Similar “inactiv ation” reactions also 
occur in the kulncj and the products ma> be dircctlj excreted m the 
urine The steroid metabolites formed in the liver can enter the intestinal 
tract via the bile, or bo carried m the circulation to the kidnej and 
excreted in the urine 

Man> of the urinarj products arising from the catabolism of steroid 
hormones arc formed upon perfusion of the liver (rat, dog) with C^^- 
labclcd corticosteroids or testosterone,®* and several of the enzjme 
systems that are involved m these transformations have been studied in 
liver extracts At least five distinct tv pcs of enzjmic reaction are known 
to bo catalyzed b> rat liver preparations, these types arc denoted by 
means of Roman numerals in Fig 7 Similar reactions occur in the liver 
of otlicr species (dog, guinea pig, rabbit), but the products formed ma> 
be stereoisomers of those shown for the rat 
As raaj be seen from Fig 7, reactions of tjpe I involve the reduction 
of the A‘‘-doublc bond (TPNH is the rcductant), and maj be followed 
b> a reaction of t>pc 11, the rcvluction of the 3-kcto group to a 3a- 
li>drox\l group (DPNH is the rcductant) The products tctrahjdro- 
cortisono and tctrah>drocorti«ol arc derivatives of pregnane, however, 
on perfu«ion of rat liver with cortisone or cortisol the 5-cpimcrs, ic, 
nlloprcgnane (p 038) derivatives, are formed, and both 3a- and 3;?- 
hjdroxv compounds mav be identified Siinilnrlj, progesterone gives 
ri«c to alloprcgnnnc-3,20-dionc and alloprcgan-3a-ol-20-onc Conse- 
qucntlj, rat liver contains enzjmcs tint effect tjpe I reactions with the 
formation of pregnane and alloprcpnanc derivatives,®* and cnzjmes for 
tjpc II reactions >icl(iing 3a- and 3j5-hjdrox> compounds 
In rcictions of tv pc III, the 11-kcto group is reduced to a ll/S-lijdroxjI 
group It appear- that substrates of this enzjme 'svstein must contain 
the A'‘-3-kcto function, since cortisone is reduced to cortisol but tetra- 
hjdrocortisone is not reduced to the corre-pondmg tctrnlijdrocortisol®** 

WJ M Ginn Ct n! J liiol 2I«, 811 (lOoC) 

I Cl pi and 0 Hcclitrr ^IrcA lUochem anti llwphyn , 52, -178 (19>1) 61, 200 
(la^C), L R Axclrcxl ct nl J Itwl CArm, 219, 455 (105C) 

«G M Tornkm'* J liml Chem , 21B. 437 (I9V5), 223, 13 (1957) 

W\\ Tn^Io^ Ihochrm J 56. 403 (1951) 

forrliiclli and H I Dorfman J Ittot Chem 223, 113 (1950) 

*■‘11 J Ilubcncr ct n! J Uiol CArm^ 220, 499 (1950) 
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Such substrate specificity is not displayed fay liver enzymes that cata}}ze 
reactions of type IV, the reduction of the 20-keto group, both unsaturated 
steroids {cortisone, cortisol) and saturated steroids (tetrahydrocortisone, 





FJg 7 Catabolic reactions ol adrenal steroids catafased bj rat liver en2>'iDe3 
Roman numerals correspond to the reaction t>pes discussed m the text 


tetrahydrocortisol) are reduced Honever, the products formed may be 
either 20a-hjdrox} compounds (cortolonc) or 20/9-hydroxy compounds 
(jGf'CortoI) Highlj hjdroxylated steroids such as cortolone and cortol 
represent the major urinarj' end products of the catabolism of the adrenal 
cortical hormones in humans 

Although the 20-hydrox> compound pregnanediol (p 640) is the mam 
urinar} product of progesterone metabolism in human subjects and 
rabbits, it is not excreted bj rats Rabbit liver can convert progesterone 
to pregnanediol, pregnane“3,20-dione and pregnan*3a-ol-20-one (prod- 
ucts of reaction tjpes I and 11) arc also formed On the other hand, 
rat In er appears to bo unable to reduce the 20-keto group of progesterone, 

»«C de Courcy and J J Sthneidtr, ^ Btol Chem.22Z, 865 (1956) 

K Fukushiraa et al , / Biol Chem , 212, 449 (1053) 
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but tins reaction oan occur in some other rat tissues, since CMscerated 
rats con\ert progesterone to A-*-prcgncn-20£r-ol-3-one^‘' 

Reactions of tjpc V produce Cm steroids from Coj steroids, pre- 
sumabK , the degradation is similar to that bj which testicular androgens 
arc fonned (p 644) 

Androstane deruatneu formctl in tlie li\er or brouglit to it bj the 
circulation are subjected to catabolic reactions For example, adreno- 


OH OH 



slcronc (cf Fig G), A^-androstcn-n/?-o)-3,17'dionc, and testosterone arc 
reduced to the corresponding 3a-h\dro\jnndro«tane dernatixcs bj rcac- 
tlon^ of tjpes I and II In addition, tc«tO'tcronc is con^e^tcd to 
andro‘«tcronc (p G41) bj a senes of enzjmic rcictions in which the first 
step IS the oxidation of testosterone bj DPN'*' to form A^-andro^^ten^G,!?- 
ihonc, ‘’ub^cqucnt reduction of the A^-3-keto group j iclds androsterone,”^ 
ns shown m the accoinpanxing scheme TJic 5j3 cpimcr of nndro-tcronc, 
ctiocholanolonc (cliocliolan-3a-ol-17-onc), is another urinarj constituent 
<lcn\(d from tcsto-tcronc Ctiocholanolonc is formed in taio after 
the a(lmini''tration of A'‘-an<!ro‘*ttnc-3,17-dionc, wlncli nia> be con\crtcd 

G 7 Hwl Chrm 221,461 (nV5) 

wi I orrhiHh ft a! J Uiol Chem 215, 713 (lOoS). I R Axolrwl and I I 
Miller Arch lUnchcm nnd Ihnphys^ 60, 373 (lO.^) 
i‘">C I) and I T ^itiiupb J Biol Chnn^ 190, fi27 (lOol), P Ofner 

Jtufchrm J„ 61, 2S7 (1955) 

I) K I-iAii litnia rt nl, J lhal Chem 206, TO (1951) 



456 general biochemistry 

to the urinary product via etiocholane-3,17>dione {the 5^-epiraer of 
androstane-3,17-dione, p 649) 

The vanetv of reactions described above are not the only ones knorvn 
to occur m mammalian hver, or postulated on the basis of urmarj 
steroid metabolites For example, it has been found that h> droxyl groups 
of either the a- or /S-onentation can be introduced into the 2 and 6 
positions of C 21 and Cig steroids, and the formation of ICa-hjdroxj- 
testosteronc has been reported Furthermore, the administration of 
estradjoI-17^ to humans gnes use to urinarj’ 2-methoxyestrone 

Mlcroblal Transformation of Steroids 

Essentiallj all the reactions in the catabolism of steroid hormones 
b> mammalian tissues arc duplicated m microbial cultures supplemented 
with an exogenous source of steroids Furthermore, microorganisms 
(molds, fungi, and bacteria) are able to effect transformations that h3^c 
not been observed m animals For example, they can introduce h> droxjl 
groups at the 1, 7, 8, 10, 14, or 15 position of compounds such as progester- 
one, DOC, and 17-h>droxyDOC In addition, microbes can dehydro- 
genate ring A of several A^-3-keto steroids to form the corresponding 
A* <-dien-3-one compounds, among the substances prepared m this 



manner are 1-dehjdrocortisonc and l-dch>drocortisol, which are more 
active physiologically than arc the parent adrenal hormones”* Of 
special importance in the development of improved methods for the 
synthesis of corticosteroids was the discovery that some microorganisms 
fcan introduce n«- and Il^-hjdroxjl groups, a reaction that is difficult 
|o effect by the available techniques of organic sjnthesis A significant 
characteristic of the hydroxylation reactions leading to the formation 
m 6^-, Ha-, 110-, i7«-, or 21-hydroxysteroids is that Og, rather than 
tvater, serves as the source of the hjdroxj! oxjgen (cf p 644) 

I Ivra>chj and T F Gallagher, / Am Ckem Soc, 79, 754 (1957) 

I WettstojD, Expcnentia, 11, 465 (1955), J Fried et aJ, Recent Progress tn 

Hormone Research, 11, H9 (1955), S II Epp&tcm tt al Fifamins and Hormones, 
14, 359 (1956) 

L Bewog et al. Science, 121, 176 (1955) 

J05D H Peterson and H C Murm>, / Am Chem Soc, 74, 1871 (i9o2) 
D R CohngsTvorth et al, / Biol Chem,20Z, 807 (1953) 

Hajano et al, BjocAim et Biophys Acta. 21, 3SQ (1936) 
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but this reaction ean occur in some other rat tissues, since c\ isceratcd 
rats con\crt progesterone to A'*-prcgncn-20a-oU3*onc®'* 

Reactions of tjpe V produce Cjj> steroids from C 21 steroids,®^ pre- 
suinabh , the degradation is similar to that b> ^\hlch testicular androgens 
are fonnc<l (p C44) 

Andro«itane dcruatues formed m the luer or brought to it bj the 
circulation are subjected to catabolic reactions For example, adreno- 


OH OH 



ftcrone (cf Fig C), .i^-androstcn-llj3-ol-3,17-dione, and testosterone arc 
reduced to the corresponding 3o-h\dro\xandro'stane dcn\atncs bj reac- 
tions of Ijpcs I and II In addition, testosterone is con\crtcd to 
nndrostcrone (p C41) lij a ferits of onz>imc reactions in uhich the first 
‘•tep IS the oxidation of testosterone b\ D1*N+ to form A^-androsten-S,!?- 
ilione , “ub'cqucnl reduction of the A'*-3-kclo group j iclds androstcronc,*®** 
n« shown in tlie accompanj ing scheme The ”>j3-epmior of nndro«tcronc, 
ttiocholanolonc (ctiochoInn*3a-o1-17-onc), is another urinai^ constituent 
domed from tistostcronc rtiocholanolonc is formed ni I’lio after 
the administration of A'*- in<lrostcnc-3,17-dionc, wlncli niaa be con\crtcd 

G J lUnl Chrm 221. 4C1 (|OM) 

WI forcjiirlh (ft nU J lUnl Chem , 215, 713 (10,5), L R \xrlro<l nml L h 
Arrh liuKhrm atnl 60. 373 (!05f») 

“•'C 1) \\r-tt Btid b T «!iniurN J Btol Chrm^ 190, S27 (1951), P Ofner 
Jlioflirm J 61, 2S7 {19.>S) 

J*** I> K I iiVij Jimn rl n!^ J limt Chrni^ 206, FM (195^1) 
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Chemistry and Metabolism 
of Carotenoids, 
Anthocyanins, and Related 
Compounds 


Carotenoids* 

Among the unsaponifiable lipids of plants and animals arc found 
representatives of a group of pigments (light yellow to purple) known 
as the carotenoids These substances are present m small amounts in 
nearl> all higher plants and m many microorganisms (e g , red and green 
algae, fungi, and photosjnthetic bacteria) , they arc probably also present 
m all animals Although the nature of these pigments has interested 
chemists since the substance named "carotene" was isolated from carrots 
m 1831, the structure of some of the carotenoids was definitely established 
only after 1925, and the structure of many others is still unknown The 


CHj CHa CHs 

\ 9«3 chj chs 

t 1 I 1 I 

jCH raCH = CHC = CHCH=CHC=CHCH=CHCH— CCH=CHCH~CCH=CHCH tCH 

{ jj a 8 13 U U >3 )« » IS ]« u 12 » >3 *» || | 

CTz CHj CHj p2 

Lycopene 


advances m the elucidation of the nature of the carotenoids ha^c come 
primarily from the application of the chromatographic techniques in- 
dented by Tswett in 1906 (p 115J By this method, sc\ eral in\ estigators, 
notably Karrer, Kuhn, Ledcrer, and Zechraeister, were able to separate 
the ^anous carotenoids from one another and chemical studies of the 
mdi\idual carotenoids permitted the determination of their structure 

The carotenoids found in nature may be considered deny atues of the 
red pigment lycopene, found ra tomatoes and many other fruits and 

*P Karrer and E Jucker, Carotenoids (raaiinted b> E A Braude, 
Publishing Co, Inc. Nctt York, 1050. T W Goodwm Carotenoids, Their Compara^ 
Uie BiochemulTv Chemical Publishing Co, New York, 1054, Ann Rev Btochem^ 
24, 407 (1055) 
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Most of the known microbial enzjme systems that act on steroids 
cataljzc the oxidation of ring A For example, extracts of a soil bac- 
terium convert cholesterol to A.^-cholesten-3-one*®^ (p 625) , and 
Eschenchxa freimchi (adapted to grow on cholic acid) contains a DPN- 
dependent dehjdrogenaso that oxidizes 3«-hydroxy bile acids to the 
corresponding 3-keto compounds Steroid hormones are substrates for 
several enzjmes obtained from Pseudomonas testosterom adapted to 
grow on testosterone This organism contains both a- and ;Q-hydroxj - 
steroid dthjdrogenases that are DPN-dependent The “a-enzjme” 
catalyzes the reversible dehj drogcnation of 3a-h>dro\j steroids in the 
androstane, pregnane, and cholanc senes to the corresponding ketones, 
and its action resembles that of the 3ft-hydrovysteroid dehydrogenase 
of rat liver (p 647) The “^-enzyme” effects analogous reactions of the 


Aadrostane-S 17-dione • 

2DPNH + !!H*-4 

'-2DPN''' 

Andro8tane«35 175-diol 


DPNH + H* 
Of-«n*yine ^ 

DPN* 


Androstan-3a“ol“17-OQe 


KPN 


-DPNH + H* 


AB(lrostane>3or,17d*diol 


3/3-hydro\y compounds, and m addition catalyzes the dehydrogenation 
of 17/3-hydro\y steroids in the androstane and cstranc senes The action 
of the two enzymes is shown m the accompanying scliemc, with andro- 
stanc-3,17-dione as the initial substrate Pseudomonas te^^tosteroni also 
contains on isomcra'c that catalyzes the conversion of A®-3-ketosteroids 
to A^-3-kctostcroids,”® and a A*-dcliydrogcnnsc (possibly a flavoprotcin) 
that catalyzes the conversion of Cio steroids such ns A'*-nndrostcne-3,17- 
dionc to tiie corresponding A^ ^-diene *" For a discussion of the enzy mic 
mechanisms m the metabolism of steroids by microorganisms and animals, 
see Talalny 

107 T C ‘^tndlman et a! , 7 liiol Chem 2QG, 511 (1951) 

109 0 Iliivaislii ot n! Arch Ifwchcm ami tlwphy^ 5f>, 5»t (1935) 

100 1» Tnhhv cl nl , 7 liiol Chem, 212, SOI (1955), P I Marcus and P Tnhh>, 
»W 210 COl, C75 (I93G) 

11" P Tnlihv nn<l V S VtnnR lUoehtm rt lUophv^ Acta 10, 300 (1935) 

111 11 U nn<l P TihUv,y Am Chem Aoc , 79, 265S (19a7) 

«>2P Tilah>. /Viysit*/ AVi« , 37, 3C2 (19o7) 
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e g , phytoene ^7,8I^,12,12^l^^^7'-octahyd^olycopene®) and ph>tofluene 
{belie\ed to be either C 40 H 64 or C 40 HC 8 ) 


CH, ^CHj 

CMj ^3 

'r*' 

/\ 

CH 2 CCH^CHCOCHi 
i fi 

/\ 

CHs ^CH-CHCOCHa 

1 n 

CH 2 ^CCHz 

\h2 

CHj ^CCH3 

\h 

^'loQone 

ai-loaone 


Most of the kno^n natural carotenoids are oxygenated compounds 
{often termed xanthophylls), and may be classified as dewatnes of the 
hydrocarbons lycopene or or y-carotene (Table 1) 

A few of the naturallj occurring carotenoids contain carboxyl groups, 
these compounds have fewer than 40 carbon atoms and are believed to 
arise in the plant by oxidatne cleavage of the longer carotenoids Exam- 
ples arc bixm (found in the pods of Bixa OTellana), crocetm (found in 
saffron, Crocus safiuus), and torularhodm (found in the red yeast ToTula 
rubra) 


CHj CT, CT3 CH3 

KOOCCH«CHC=sCHCH»CHC=CHCHaCHCH==CCHs=CHCH-CCH==CHCOOCHj 
Bum 


Ctts 


OT3 CHj CH3 

HOOCC = CHCH CHC =CHCH = CHCH = CCH — CHCK = CCOOH 
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CH, CH3 

CH3 CHa CHo CH3 

CHj \cHt=:CHC=CHCH=CHC=CHCH=CHCH“CCH— CHCH~(Xm=CHCH COOK 


CH 2 -CCH, 
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CH 2 


CH3C. 


\ ^ 

CK 


CH 


Carotenoids are found m the tissues of many animals (vertebrates and 
invertebrates j These pigments ma> occur in the fat globules of ovancs 
and eggs of man> species, m the fat depots, m milk, in eje tissue, and 
in epidermal outgrowths (feathers, shells, wings) of birds, crustaceans, 
and butterflies Carotenoids arc frcquentlj responsible for the pigmen- 
tation m tissues of marine in\ertebratcs and m fishes^ 

“TV J Raboum and T W Quadvenbush, Arch Biochem and Btophys, 61, 
111 (1350) 

®D L Fox ylnimaf Biockrotnes and Slruciural Colora, Cambridge University 
Press, Cambndpo 1353 



CAROTENOIDS. ANTHOCYANINS, RELATED COMPOUNDS 653 

flowers, as well as in some microoi^anisms Ljcopene has the empirical 
formula C40II56 and is a highlj unsaturated straight-chain hydrocarbon 
(a polyene) composed of two identical units joined by a double bond 
between carbon atoms 15 and 15' Each of these CoqH.'s units may be 
considered to be derived from 4 isoprene units, the formula of isoprene 
is CHo=C(CH3) — CH=:CH2 As will be seen in a subsequent section 
dealing wuth the terpenes, the carotenoids represent only one group of 
plant materials which may be related structurally to isoprene 
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Three other important naturally occurring carotenoid hydrocarbons 
ha\ing the composition CjqHsc »rc named a-, /?-, and y-carotene One 
or more of these carotenes is commonly found in all higher plants and 
m many unicellular organisms A characteristic feature of the carotenes 
IS the presence of a ring at one or both ends of the hydrocarbon chain 
This ring is structurally related to the substances termed «- and 
j8-ionone, ring 1 of a-, yS-, and y-carotene and ring II of yff-carotene 
correspond to a yS-ionone residue, while ring II of a-carotene corresponds 
to an a-ionone residue (sec p 654) 

Carotenoids that arc more saturated than the C40H56 compounds 
described abo\e also arc widespread in nature Among this group are 
the colored compounds neurosporene (“tctrahydrolycopene,” probably 
040^^60) and C-carotene (an octahy droly copenc, C40HC4) In addi- 
tion, colorless carotenoids are present in plants and microorganisms, 
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direct precursor of vitaram Ao Since both \itainms Ai and A 2 often 
are present m animals fed either /B-carotene or vitamin Aj, it has been 
assumed that \itamin Aj is dehydrogenated in vivo to vitamin Ag 



VitaaunA] 


The assaj of natural matenals for Mtamm A activity is facilitated b\ 
the application of the reaction, discovered bj Carr and Price,* m vrhich 
a distmctne blue color develops when the carotenes and vitamin A are 
treated with a solution of antimony trichloride (SbClg) m chloroform 
Like other highly unsaturated compounds, the carotenoids exhibit charac- 
teristic absorption maxima in the ultraviolet and visible regions of the 
spectrum 

It may be anticipated that cw-<rans isomerism should be possible about 
the many double bonds of the carotenoids The studies of Zechmeister* 
and of others have shown that by far the major proportion of the natu- 
rally occurring carotenoid molecules have their double bonds in the all- 
trans configuration, as shown above for vitamins Ai and As, hiwever, 
extensive isomerization, with the formation of a series of compounds 
having CIS double bonds, roaj be effected b> irradiation of the natural 
carotenoids with ultraviolet hglit or with visible light m the presence of 
lodme Tlicse products differ from the parent material m their absorption 
spectra and chromatographic behavior Such isomerization is reversible, 
and CIS compounds may be converted, by similar treatment, into the 
more stable trans forms Small amounts of carotenoids containing a 
few CIS double bonds occur m nature, and animal tissues can also isomenze 
carotenoids Thus tlie crystalline vitamin Ai isolated from natural 
sources IS the all-fron*? isomer, but botli this form and the so-called nco-a 
(13-(ns) fonn arc alwajs present in rat liver,’ whereas the neo-b (ll-cis) 

5F H Carr and E A Pnee Bioehem J, 20, 497 (1926) 

«L Zpchmeistcr Ann A' } Acad 6«,49, 220 (1948), Expcnentia, 10, I (1951) 
’C D Robc&on and J G Easier, J Am Chem Soc, 69, 130 (1947) 
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Table I Some Naturally Occurring Carotenoids 


Parent 

Oxjgenated Derivative 

Carotenoid 

Name 

Source 

Lj copene 

Lj coxanthin 

Tomato, Rhodospmllum 

( 3 -oxyl 5 copene) 

Lj cophj 11 or Lj coxanthophjll 

Bernes of Solanum dul- 



(3,3'-^oxj Ij copene) 

camara 

a-Carotene 

Lutein or ^nthophjll 

Green Iea\es, flowers, 


(3,3 '-diox J -tt-carotene) 

fruits 

0-Carotene 

CriTitoxanthm 

Fruits, bemes, jellmv 
corn (Zea mays) 


(3-ox>-jS-carotene) 


Zeaxanthm 

Yellow Zea mays 


(3,3'-djoxy-^.carotene) 

\lolaxanthm 

Green leaves, flowers 


(zeaxanthm-S.eiC'.SMiepoxide) 

Echinenone 

Manne invertebrates 


(4-keto^3-carotenc) 

Canthaxanthm 

Mushroom, Corynehac- 


(4,4'-diketo-0-carotene) 

imum 


Astacm 

Lobster shells 


(3,4,4',3'-tetraketo-0*carotene) 

Astaxanthm 

Green algae 


(3,3'-diox> •4,4'-diketo-0*carotcne) 


■y-Caroteae 

Rubixanthm 

Flowers, green sulfur 
bactena 


(3-oxj - 7 -carotene) 


The carotenoids present in the tissues of higlier animals probably are 
derued solel> from dietarj sources Thus, an important deri\ati\e of 
^•carotene, Mtarain Aj (C 20 H 29 OH), is Cbsentiallj an oxidation product 
of one half of the ;9-carotene molecule Ob\iously, the C 20 H 28 units of 
the a- and y-carotenes and of crj'ptoxantJim nhicli contain the p-iononc 
residue could also gue rise to Mtamin Aj ^-Carotene is con\erted in 
the animal organism to Mtamin Ai, which is found in large amounts 
in the lu ers of salt ater fish, e g , the cod The closely related \ itamin 
IS found in the In ers of fresh ■v^atcr fish, Mtamin Ao contains one 
double bond more than does vitamin Aj (p 65G) Both Mtamins maj 
be present in animal eyes, where they pla> an essential role m Msion 
(p 658) 

Compounds like j 8 -carotene that are converted in vivo to Mtamin Ai 
are termed proMtamins Ai (Chapter 39) In higher animals, tlic major 
site of the oxidatue degradation of the proMtamm to Mtamin Ai is the 
small intestine* No carotenoid proMtamm is known that senes as a 

*F H Mattson et al , Arch Btochem , 15 , 65 (1947), J Biol Chem , 176, 1467 
(1948), S Thomp'on ct nl , Bnt J Nutntian 3, 50 (1949), A Ro«enbcrg and 
A E Sobcl, Arc)i Biochcm ond R»opAp« , 44, 320 (1953) 
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{p 548) , tljey also participate in determining the phototropic responses 
{movements in response to light) of higlier plants, fungi, and bacteria^® 
Studies by Wald, Morton, and others'^ ha\c proMded impressive 
evidence for the central role of the carotenoids m the photochemical 
processes associated ^ith vision In 1877 BoU discovered a photosenaitne 
pigment in the retina of the frog, and this pigment ivas named rhodopsin 
or Sehpurpur (visual purple) bj Kuhne in the following year Rhodopsin 
has been found to be a conjugated protein whose prostlietic group is a 
carotenoid In Fig 2 is shonn tlie cxtrcmelj close correlation beti^een 



Hg 2 Comparison of absorption epectro of rhodopsin (curves) with photochemjcal 
effectiveness of light for scotopic vtsion (points) {From S Hecht, J Opt Soc Am, 
32, 42 (1942) J 

the absorption spectrum of a solution of rhodopsin and the photochemical 
effectiveness of light for scotopic vision, i c , tlie quanta of light required, 
at various wave lengths, for the production of a constant and \cr> low 
brightness m the eje 

On illumination with white light, rhodopsin is converted to a mixture 
of the carotenoid rctinenci and the rhodopsin protein (opsin) Retinenci 
IS the aldehyde corresponding to \itamm Ax, and it may be prepared 
from the latter b> oxidation w ith manganese dioxide The \ isual impulse 
IS associated with the initial photochemical transformation of rhodopsin 
into the orangc-red “lumi-rhodopam ” This “light reaction" can be 

IOC B van Nul, Ann Rev Mtcrobtol, 8, X05 <1954), C B van Niel et al. 
Biachem J, 63, 408 (1056) 

«G Wald, Ann Rev Biochem, 22, 497 (1953), m 0 H Gacbler, Enzymti 
UjiUb oJ Biological Slruclure and Funciton, Academic Press, New York, 1956, H I A 
Darin'ill, The ) isuol PtgmenlB, McUiUcn and Co , London, 1057 
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form® IS found onl> in the eye (p 659) The stereoisomers of vitamin Aj 
differ ^videly in their effectiveness in curing the sjraptoins of \itamin A 
deficienc} (Chapter 39), the all-frans isomer being the most active in 
this regard The structure of several geometrical isomers^ of vitamin Aj 
IS shown in Fig 1 



Physiological Rol© of fhe Carotenoids 

Although the most extensive investigation of the biocliemical role of 
the carotenoids has dealt witli their relationship to vitamin A activitj 
m the nutrition of animals, considerable attention has also been given to 

CH3 CH3 

^CH ^”3 CH3 

CH 2 CH 2 CH 2 CH 2 CHCH 2 CH 2 CHJC =CHCH20H 
CH 2 ^CHCHs 

EOivtol 

the role plajed by these substances in plants and microorganisms In 
gieen plants, carotenoids occur together with chlorophyll in the chloro- 
plasts, the phjtol residue of the chlorophjlls (p 182) may be formed 
from carotenoids, to which it is closely related chemicallj The possible 
role of carotenoids m photosj nthesis has been mentioned previously 

Oroshnik, J Am Chem Soc , 78, 2651 (1956), W Oroshnik et al, Ptoc 
Nall Acad Set, 42, 678 (195G), P K Brown and G Wald J Biol Chem, 222, 
SG5 (1956) 

*>0 D Robeson et al, J Am Chem Soc, 77, 4111 4120 (19S5) 
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oids are isomerized by bght to a mixture of trans and cts compounds 
Although some rhodopsin can be formed from the all-frans isomers of 
vitamin Ai or retincnci if they arc isomenzed by light, the jield of 
rhodopsm is poor because the isomerization is nonspecific^® However, 
eje tissue contains a "retinenc isomcrase’* that spcciricall> cataljzes the 
mterconversion of the all-tran« and neo-b isomers of retincnei, the 



Fig 3 Chemical ev cats in the v isual o cic 

isomerization occurs slowlj m the dark, but is rapid m light The 
sequence of chemical events in the visual c>c!e is summarized m Fig 3 
In addition to rliodopsin, found in the retinal rods of frogs, birds, and 
mammals, other related visual pigments liave also been found m the«e 
and other specica fef Table 2} All these pigments are conjugated 


Table 2 Vt$ual Pigments of Vertebrates 


Carotenoid 

Protein 

Visual Pigment 

Source 

Hetinenci 

Rod opsin 

Name 

Rhodopsm 

Absorption 

Maximum 

500 mit 

3Uind and manne 

Retinenei 

Cone opsin 

lodopsm 

562 mti 

ammals 

Land animab 

Retinencj 

Rod opsm 

Porpli>-rop3in 

522 lOfi 

Fresh water 

Retjncne2 

Cone op^in 

Cjunoiism 

620 m;i 

animals 

Fresh water fish 


proteins that differ with respect to their carotenoid — retincncj or 
rctmenco (vitamin Ao aldchjde) — or their protein (rod opsin or cone 
opsin) Thus rhodopisin and porphjropsin*® are associated with the 
retinal rods frecponsible for vision at low illumination), and lodopsm and 
cyanopsm*’ witli the retinal cones (responsible for color vision) Each 

15R Hubbard and G WatiJ J Gen Phystol, 36, 269 (1952-1953), R Hubbard, 
/ Am Chem Soc, 78, 4602 (1956) 
v«G Wald, ^'ature, 175, 390 <!955) 

”G Wald ct al 5rtfn«, 118, 505 (1953), / Gen Phyetal , 38, 623 (1051-1955) 
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demonstrated by chilling a solution of rhodopsm (e g , an extract of frog 
retina prepared in red light, to winch rhodopsm is insensitne) to —40® C, 
and then exposing it to white light The succeeding steps in the bleaching 
of rhodopsm to retinenei plus opsin are nonphotochemical Thus, when 
the temperature of the lumi-rhodopsm solution is raised to about — 15° C, 
a somewhat more purple pigment (“meta-rhodopsin”) is formed, and at 
about 20° C this yields the mixture of retmenci and opsm ("indicator 
>cllow”) 

Retinal tissue has a high content of DPN (p 308), and this substance 
plajs an important role m the metabolism of retinenci Thus the 
retinene released b> the bleaching of rhodopsm is reduced to Mtamm Ai 
bj DPNH m the presence of a retinal "retinenci reductase This 
enzyme is probably identical with alcohol dehjdrogenase (p 319), since 
it oxidizes ethanol to acetaldehyde, furthermore, retinenei can be reduced 
to \itamm Ai by DPNH in the presence of crystalline horse liver alcohol 
dehydrogenase 

To effect the oxidation, in vitro, of vitamin Aj to rctmenci by DPN+ 
m the presence of retinene reductase, the aldehyde must be removed 
from the equilibrium 

Vitamin Ai + DPN+ Retinenei + DPNH + H+ 

which is far to the left For example, the retmcnci may be trapped by 
the addition of an aldehy do reagent such as hy droxy lamine How e\ er, a 
more physiological "aldehyde-trapping reagent” is opsm, which, m the 
dark, spontaneously reacts with rctmcnci to form rhodopsm Thus 
the formation of rliodopsm from vitamin Ai and opsm has been accom- 
plished by coupling the enzymic oxidation of the carotenoid alcohol by 
DPN+ wuth the spontaneous condensation of the carotenoid aldehyde 
with a purified preparation of opsm This senes of reactions leading 
from vitamin Aj to rhodopsm constitutes the major biochemical events 
in "dark adaptation ” 

It IS important to note, however, that rhodopsm is formed only by the 
combination of opsm with neo-b rctincnci (the aldehyde corresponding 
to neo-b vitamin Aj, p 057) On the other hand, the bleaching of 
rhodopsm yields all-trans retinenei, which may be reduced to all-frans 
vitamin Ai Consequently, before rhodopsm cm be regenerated cither 
the all-<raiis retinene must be isomcnzed to the neo-b aldehyde, or all- 
trans vitamin Ai must be isomenzed to neo-b vitamin Ai, which is 
reduced to nco b rctinenci As noted earlier (p 656) , all-frans caroten- 

II A Morton and G A J Pilt, Biochcm J , 59, 12S (1955) 

G Wald and II Hubbard, J Gen Physiol, 32, 3G7 (1919) 

» II Hubbard, J Gen Physxol, 39, 935 (1950), F D Colima et al , Biochcm J 
56, -193 (195-1) 
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CH 3 CH CHa CHs 

\ / \ / \ / 

C CHa C 

Ahs HCCHaOH 

Geramo} 


Examples of these are «-pmene (the principal constituent of oil of turpen- 
tine, obtained from pine trees), d-camphor (from Cinnamomum cam- 
phora), d-bomeol (from hemlock oil), <i~tanacetonc or j 8 -thujone (from 
tansy oil), and d-A^-carene {from pine needle oil) 


CH, 

1 

^3 

CH, 

T 

CH, 

1 ^ 

Clf^ ^CHj 

CH 

Clf, ^CHj, 


C^CH 

i 1 

1 1 

1 1 


CH, ^CH, 
^CH 

1 

qjj ^CHOH 

cm CH, 

^CH 



1 



CH2 

CHj CH3 

CHj CHj 


Lanooeaa 

Mratlxol 

Cuvose 

a-Pines* 

CH, 

CH. 

1 “ 


CH, 

c<C|'^c=o 

CHOH 

cir^c=o 

cS5^ '^CH, 

IHjOC-CHjI 


l\ 1 

ChX CH, 

1 1 

Cij, i CH, 

^CH 


CH, -CH 

'^crf^l 



1 

CH, ^CH, 

CHj 

<{-CaQipXor 

d’Sonni 

Tbajoae 

d-4*-Ci«ene 


An interesting monoterpenc carboxylic acid, chrysanthemum mono- 
carboxjlic acid, is found in the form of an ester m the insecticidal oils 
obtained from pjrethrura floners {Chrysanthemum cineran fohuw) 
The formula of one of the esters (pjrethnn I) is shown, the alcohol 
formed from this compound is named pjrcthrolone 
Of the sesquiterpenes, farnesol (cf p 631) appears to be Tvidcl> 
distributed, but is found m the essential oils of plants m small amounts 
Other members of this group are ybisabolene (from oil of bergamot) , and 
cadinene (from oil of gua>ule and other plants) 2 = 

— A J Haagen-SmU, Fortschntte der Ckemie orgamscher NatnrsioJJe, 12, 1 
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of these \isual pigments and the related vitamin A are believed to 
participate m a visual cjcle like that described above for rhodopsm and 
vitamin Ai 

In addition to the substances listed in Table 2, a “violet receptor” 
w ith an absorption maximum near 440 tiifi has been found in the human 
eye The combined action of several visual pigments v\hosc sensitivity 
to light spans the visible spectrum (ca 400 to 660 m/t) may thus provide 
the basis for color vision It is of interest that another group of visual 
pigments, which appear to contain retininej, has been detected in the 
retinas of deep sea fishes, these pigments appear to be specifically 
adapted for the utilization of light that penetrates into deep sea waters 
(wave length, ca 480 mix) 

For a comprehensive review of work on the physiological aspects of 
vision, and their relation to the quantum nature of light, see Pirenne^'^ 

Terpenes 

As mentioned previously, the carotenoids are not the only naturally 
occurring products that may be considered to be composed of isoprene 
units Among the unsaponifiable substances found in plants are many 
hydrocarbons known as terpenes In general, these hydrocarbons, and 
their oxygenated derivatives, have fewer than 40 carbon atoms The 
terpene hydrocarbons of the elementary composition CioHic (corre- 
sponding to 2 isoprene units) arc named monoterpenes, the compounds 
having the composition CigH24 arc named sesquiterpenes, and members 
of the C20H32 and C30H48 groups are named di- and tnterpenes, 
respectively The group of terpenes with 40 carbon atoms, or tetrater- 
penes, include the carotenoids discussed earlier m this chapter 

The mono- and sesquiterpenes and their oxygenated derivatives occur 
as components of the essential oils obtained by steam distillation of the 
tissues of many plants, some of these terpenes are useful m the perfumery 
industry Among the monoterpenes of interest are the hydrocarbon 
myrcenc (from oil of bvy) and the alcohol geramol (from rose oil) 
Citral, the aldehyde corresponding to geramol, is the major constituent 
of the oil of lemon grass Other monoterpenes, which contain a mono- 
cyclic structure, arc hmonene (present m citrus and other oils), menthol 
(from mint oil), carvone (from caraway) In addition, a variety of 
bi- and tricyclic monoterpenes and their derivatives occur naturally 

*®E Auerbach and G Uald Science, 120, 401 (1954) 

i®E J Denton and F J arren, A'olurc, 178, 10o9 (195G), F It Munz Saence, 
125, 1142 (1957) 

n Pircnne Biol Rcis, 31, 191 (1956) 

-> R 11 Eastman and C R Isollcr, in H Gilman, Organic Chemtilry, Vol IV, 
John V ilcj and Son« Acw \ork 1953 J L Simon«on et al , The Terpenes, 2nd Ed 
5 aoN Cambridge Unncr-itj Press, Cambndge, 1917-1957 
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The tnterpenes,^® although not widelj distnbuted in nature, are of 
special interest, since thej include the acyclic hydrocarbon squalene 
(p 627) and the tetraej die alcohol lanosterol (p 623), which are impor- 
tant intermediates in the biosynthesis of cholesterol A triterpene 
derivative found m higher plants is oleanolic acid, another, isolated 
from the fungus Poly-porus sulphureus is ebuncoic acid (p 663) 

Some of these tnterpenoid compounds occur as glycosides {e g , aescuhn, 
from horse chestnut) ivhich are highly surface-active agents and can 
hemolyze erythrocytes Such glycosides are classed with certain steroid 
glycosides (p 635) as saponins The sapogenm oleanolic acid occurs as 
the free tnterpenoid acid in olive leaves and as a saponm in sugar beet 
Mention should also be made of terpene rubber, found as the principal 
component m the kte^ of several tropical plant species Rubber is a 
poly terpene composed of long chains of 500 to 5000 isoprene units, joined 
in linear array 

CHa CHa 

CH2-<!>=CH-CH2-CHj-(i;=CH-CH2- 

Biosynthesis of Isoprenoid Compounds ' 

Ruzicka*® drew attention to the fact that the carbon skeleton of 
geraniol, famesol, or rubber is composed of isoprene units linked in a 
i'regular” (or “head to tad”) arrangement, whereas in some other 
terpenes an irregular linkage of isoprene units is found (e g , the central 
linkage between the two CigHas units of squalene, or that between 
the two C 20 H 28 units of lycopene and the carotenes) Furthermore, he 


Regular arrangement 

c 

G-i-C— c~ 

c 

— G— (!>-C— C 


c 

G 

Irregular arrangement 

C- — ^J-~C — c — 

— c— c— A-c 


postulated that terpenes are formed in nature by the conden'^ation of 
isoprenoid compounds in either of these sequences, and that the cyclic 
terpenes result from intramolecular rearrangements by known chctmcvl 
mechanisms This "isoprene rule” has been v aluable in the determination 

23r R H JoDes and T G Forlschnitc der Chemie orgonuchcr 

^aluTst(^fJe, 12, 44 <1955} 

SU S E Holkcr ct al, ^ Chem Soc, 19S3, 2422 
"5L Ruzjcka, £xpenenlia, 9, 357 (1953) 
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CHs CH3 

^C=CHCH C=CCH2CH=CHCH=CH2 

/ \ / I 

CH3 CHO— OCH 

/ II \ I 

HsC— C 0 CH2— CO 

I 

CH3 

P) rethriD I 

The diterpenes-- present in plants are, m general, not distillable ^vitli 
steam, and are found as constituents oi the resins and balsams The best 
known derivatues of this group of compounds are the resin acids abiotic 
acid and sapietic acid (!-pimaric acid), obtained from the nonvolatile 
residue of pine oil Vitamins Ai and A2 and their aldehjdes {the 
retincnes) arc monocjclic derivatues of diterpenes, and phjtol (p 657) 
IS derued from an acyclic diterpcne 



Fkratiol Y^Bifabolene Cadiaene 



Abxtic acid Sapietie icid 



OletDotie tdd 


Ebunroic and 
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of special interest that the isotope distribution m biosynthetic ebuncoic 
acid from a fungus gi\en labeled acetate is strictly analogous to that m 
biosynthetic lanosterol and cholesterol from animal tissues (cf p 627), 
suggesting that ebuncoic acid, like lanosterol, anses by a cjchzation of 
squalene In addition, the biosynthesis of ebuncoic acid resembles that 
of ergosterol in the fact that the carbon of the =CH 2 group (Csg) is 
derned from “Ci units 

Although the biosynthesis of carotenoids probably is analogous to the 
biosynthesis of squalene (Fig 4), little is known about the metabolic 
interrelations among the \arjous carotenoids It has been suggested that 
the first C 40 compound formed is a colorless, highly saturated pol>eiie 
{eg, a tetrahydrophytoene), which then undergoes successive dehydro- 
genation reactions to j leld colored carotenoids (e g , lycopene) Some 
support for this \iew has come from studies with mutant strains of 
microorganisms {Torula rubra, Nettrospora crassa, and Rkodopseudo- 
monas spkeroxdes) Howe\cr, the results of other studies’^ on the 
biosynthesis of carotenoids m many organisms, including higher plants, 
do not accord with this hypothesis, and the possibility exists that colorless 
polyenes and colored carotenoids arc synthesized by separate pathways 
from a common precursor, and that each C 40 compound la formed 
independently of all the others 

Other Fat-Soluble Vitamins 

Among the fat-soluble components of many plant tissues are tiio 
groups of compounds designated by the collects e terms \itamm E (or 
the antistenhty factor) and \itamm K (or the antihemorrhagic factor) 
As may be seen from their formulae, each of these \itamins contains a 
number of isoprene units 

The Vitamin E Croup The presence m vegetable oils of material 
essential for normal reproduction m rats was demonstrated independently 
by E^ans and by MattiU in the early 1920’s, the actue principle was 
called vitamin E or the antistenlity factor When in 2936 two compounds 
with Mtamin E acti\ity were isolated from wheat germ oil, they vrere 
named a- and /?-tocopherol (Greek tokos, birth, phero, to bear) Subse- 
quently, fi\e other tocopherols were obtained from cereal grams (wheat 

G Dauben etsx\,J Am Ckem Soc, 79, 1000 (1957) 

^‘>3 Bonner et al Arch Biochem, 10, 113 (1946), T T Haxo, Fortschntte der 
Chernte orgamacher Nalursioge, 12, 169 (1955), M Griffiths and B Stonier, 
J Gen iltcTobiol, 14, 698 (1955) 

2‘G Mackmney et nl Proc Natl Acad Sa, 42, 4M (1956), J Btol Ghent, 
220, 750 (1956). E A Shneour and I 5Sabm, ifoid, 226, 861 (1957) 

B 8 Harris et al m W H Sebrell, Jr and R S Hams, The 1 ttanans, 
Vol III, Chapter 17, Academic Press, New York, I9S4 



CAROTENOIDS. ANTHOCYANINS. RELATED COMPOUNDS 665 

of the structure of terpenes, and m the studj of their biosynthesis 
The fruitful application of the isoprene rule to the study of the bio- 
synthesis of squalene, lanosterol, and cholesterol from acetate has been 
discussed on p 627 The a\ailable data about the biosymthesis of 
rubber offer further support for this hypothesis Thus acetic acid is a 
major precursor for the formation of rubber by seedlings or excised 
tissues of the gua^ule plant, and it is probable that dimethylacrylic, 
jS-hydroxyiso\aleric, and /3-hy droxy-/?-niethy Iglutaric acids (or their 
CoA. den\ati%es) are intermediates in the process"'* The in vivo 
synthesis of rubber appears to be closely related to the synthesis of 
simpler terpenes, for example, a high concentration of the essential oil 
(mam component, a-pinene) is found in the leaves of the guayule only 
during those periods nhen the formation of rubber is proceeding at a 
minimum rate 



Fig 4 Origin of some of the carbon atoms of p-carotene and of ebuncoic acid 
formed from labeled acetic acid b> fungi 

The biosynthesis of j3-carotene” and of ebuncoic acid“ by fungi also 
appears to involve the initial conversion of Cg units derived from acetic 
acid (probably acetyl-CoA) to a compound such as mevalonic acid, 
followed by the formation of larger isoprenoid compounds (Fig 4) It is 

A Johnston et al Proe Natl Acad Set, 40, 1031 (1954), J Bonner, 
Federation Proc , 14, 765 (1955), H J Teas and R S Bandurski, J Am Chem 
Soc, 78, 3549 (19o6) 

E C Grob and R Butler Helv Chtm Acta, 37, 190S (1954), 38, 1313 (1955) 
39, 1975 (19o6) 

28 W G Dauben and J H Richards, J Am Chem Soc, 78, 5329 (1956) 79 
968 (1957) 



668 


GENERAL BIOCHEMISTRY 


Vitamm) was proposed m 1934 by Dam for the natural materia! which 
cured or pre\entGd the fata! hemorrhagic conditions he had obser\ed 
some >ears earlier in newlj liatched chicks maintained on artificial diets 
This hemorrhagic tendency was associated with a decrease in the pro- 
thrombin (p 703) content of the blood and, as has been demonstrated 
for higher animals in general, tlie antdiemorrhagic actuity of the K 
Mtarains is due to their essential role in the biosynthesis of prothrombin 
Vitamin Kj or phylloqumone (2-methy)-3'phjtyl-l,4-naphthoqumone) 
is found m green plants and was isolated first from alfalfa by Dam, 

0 

CHa CH 3 CH 3 CH 3 
Vitamin I I i I 

R CH2CH=C(CH2)3CH{CH2)3CH(CH2)3CHCH3 

CH 3 CH 3 CHj 

Vitaimn Kg | I I 

B a—CHiCH— CX3J2(CH2CH=CCH2)5CH2CH~CX3l3 

Karrer, and their associates Vitamin K2 {2-meth>I«3-famesjldigera' 
njl-l,4-naphthoqumone), which is formed by bacteria and was isolated 
first from putrefied fish meal by Doisy and coworkers, differs from 
phjlloqumone oni> in the substituent m the 3 position of the naphtho- 
qumone ring These are the only naturally occurring forms of Mtaram 
K that have been completelj characterized However, man> synthetic 
compounds have been sliown to have vitamin K activit> for animals, 
the most active of these is the compound 2-methyl-l,4-naphthoquinone 
(also called menadione or vitamin K3), which, on a molar basis, is as 
active as vitamin Kj In this connection, it ma> be mentioned that 
phthiocol (2-methyl-3-hydro\y-I,4-nnphthoquinone), first obtained from 
an alkaline hjdroljsate of the hpid fraction of tubercle bacilli, has a 
slight antihcmorrhagic action m chicks Most of the other "jjnthetie 
vitamins” arc derivatives of 1,4-naphthoqumone or of the corresponding 
naphthohydroquinone (eg, 2-racthj l-l,4-dih> droxj naphthalene) Tq 
addition, naphthol derivatives such as 2-mcthyI“4-ammo-l-naphthoI will 
replace the natural \ itamin in the promotion of prothrombin formation 
Thus the specificit} requirements for vitamin K activity are quite broad, 
and it IS not possible to decide on the functional form of the vitamin 
tn VIVO 

Vitamin K deficiencj is encountered infrequently in higher animals 
since vitamin K2 is synthesized by the intestinal bacteria This source 
of vitamin K ma> be eliminated bj the administration of sulfonamides 
that inhibit the growth of the requisite intestinal organisms*** Id 
newborn human infants the absence of intestinal bacteria coupled with 
*«S Black et al, J Btol Ckem, 145, 137 <JOI2) 
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germ, corn oil, sojbcan oil, rice) “ All the tocopherols arc dcn\atives 
of a G-hjdrovjchroman bearing an isoprenoid side chain at position 2, 
and thej difTcr onlj in the substituents on carbon atoms, 5, 7, and 8 
At the suggestion of Karrer, the term "tocol” is used to designate this 
general class of cliromans and refers spccificallj to the compound in 
i\hich hjdrogcn atoms arc present at the 5, 7, and 8 positions, hence, 
a-tocopherol could also be designated 5,7,8-trimcthyltocol 



7 H CHg CHa 

6 H H CHj 

< CH} H H 

r CHj CHa H 

n H CHs H 

Little information is a\ ailablc about the metabolism of the tocopherols 
Much of the tocopherol content of blood plasma seems to be associated 
uith a tocophcrol-protcin conjugate, and the formation in vUro of such 
a conjugate has been reported Possibl> this substance represents the 
principal means hy uhicli iitamin E is transported bi the circulator} 
sjfctem Apparcntlj the tocopherols arc rapidl} catabolizod since they 
arc found in animal urine onl} after the administration of mnssi\c doses 
of the Mtamins Studies on the fate of C*'‘-labelcd a-tocophorol in 
nniinaK indicate that the Mtamm is excreted ns such m the feces, and 
that it i« degraded in the ti^-ucs to products that appear in the urine ns 
glucuronidc** The cataboli'.m of «-locophcrol appears to m\ol\c both 
the o\iditi\e cleavage of the chroman ring to jicld quinonc- or )i}dro- 
qiiinonc'like compounds (Chapter 39) and the degradation of the 
aliphatic side chain 

The Group of K Vitamins ” The name \ itnmin K (for Kongulatwns- 

“J Grron nml S Mnrcinkicwir*. Aalurr, 177, SC (lOoG) 

** 1 J ‘'imon ct nl J Utol Chem 221, 807 (1958) 

” It S IlaiTM cl nl , in \\ II ‘Vhrell Jr an»l It S Ilarrn The Vilamiru, 
\ol II Ctiapler 9 Academic Prw, Xcw ^orV, 1051 
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OH 


FrM bu* in o^otnl 
colotioa (vukt) 

Fig 5 Structural changes rcspoosjWc for color variation of ^anidin (3A7;3',4* 
pcntahj droxj flav-j hum h>droxide) 

Another widely distnbutcd group of water-soluble plant pigmentS; 
related structurallj to the anthocyanins, are derivati\es of 2-phenyl-l)4- 
benzopyrone (flavone) FIa\onc has been isolated from the primrose 



0 0 

2-Phenyl-l 4-betiMpywn« FlawjoJ 

(8avoa«) 


and other plants, it is colorless, but most of its hjdroxylated dewati'ves, 
classified as fla\ones, flavonoJs, and fiavanoncs (Table 3)? are jellow 
Like the anthocjanidms, the fiavones and flavonols usually contain 
hjdroxjd groups at tlie 5 and 7 positions, and additional hjdrox}! or 
methoxyl groups maj also be present at the 3' and 4' positions These 
pigments occur both m the free form and as glycosides 



Cbileone Aurona 

Higher plants may contain two additional groups of jellovv pigments, 
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the absence of a store of the vitamin Kj in the tissues may result in a 
characteristic hemorrhagic condition Tvhich can readily be cured bj the 
administration of any of the acti\e compounds 
There are no experimental data on the mode of synthesis of either 
\itamm Ki or Ko Nor are any data available about their metabolic fate 
in animals or plants Animal tissues contain relativclj small amounts of 
material ^vith demonstrable \itamin K actnitj, and vitamin Kj is kno^m 
to be rapidly metabolized in vivo 


The Anfhocyanms and Related Compounds” 

Although the anthocyanins and their chemical relatives are not lipids, 
they arc frequently considered together vv ith the carotenoids since these 
two groups of substances, together with chlorophyll, represent the prin- 
cipal pigments of plants In green plants chlorophyll is localized in the 
grana of chloroplasts, which also contain carotenoids The other pig- 
ments, which are freely soluble in water, are found primarily in the 
vacuolar sap of plant cells 

Most of our knowledge of the chemistry of the anthocyanins stems 
from the classical work of Willslatter and of Robinson These red, blue, 
and Molct pigments arc glycosides containing 1 or 2 carbohydrate units 
and an aglyconc known as an anthocyanidin The anthocyamdins are 
derivatives of 3,5,7-trihydroxyflavylium liydroxide (2-phenyl-3,6,7-tri- 
hydroxybenzopyryhum hydroxide) The assignment of the positive 
charge to the oxygen atom in the oxonmm salt shown m Fig 5 is arbi- 
trary, since the flavyhum ion is a resonance hybrid 

Three mam groups of anthocyamdins arc differentiated on the basis 
of the extent of substitution in ring B (Table 3) Obviously, a great 
variety of anthocyanins may exist, since, m the anthocyanidin moiety, 
the number of hydroxyl groups may vary from 4 to 6, and any number 
of those hydroxyls may be methylated The number of carbohydrate 
units m the glycosides may he cither 1 (in which case it is generally 
linked to the 3-hydroxyl of the aglyconc) or 2 (linked to the hydroxyls 
at the 3 and 5 po-itions of the anthocyanidin) The color of the pigments 
depends both on the number of hvdroxvl groups and on the extent to 
which the hydroxyl groups arc replaced hv methoxyl groups The color 
of a 'solution of an anthoevamdin also depends on the 7 >H, since these 
pigments arc imlicators that art generally red in acid ‘•olution, v lolet or 
purple at neutril pH values, and blue in alkaline solution (Fig 5) 

Iv P I ink in 11 Gilnnn, Orffamc Chtmt^trj/ 2nd Ed , Vol II Jolin tN ilej and 
Son’*, Nc« york, 1913, S Wanronck in R C I Idcrficld, llctcrncvchc Compounds, 
yd II, John \\ilej and Son®, New york, 1951 
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It vijll be noted from Table 3 that all the agljcones of the ^ater- 
soluble plant pigments arc \arjants of the same basic carbon skeleton 
Co — Cj — Co The fact that sc\cral species of plants contain esters of 
p-coumaric and caffeic acids suggests that these C^ — Cg acids have a 



OH 

p-Coumartc b«W Lalfeic and 


biosjnthetic relation to the corresponding Co — Co (ring B) portions of 
the various agljconcs Piesumablj, a phcnylpropanc derivative con- 
denses with a polyphenol to yield the Co — Cg — Co structure For 
discussions of the proposed pathways of biosynthesis of these pigments, 
see Sesliadri and Paech 

Color production is one of tlie most thoroughly explored areas in the 
studj of the genetics of higher plants^® The researches of Onslow, of 
Scott-Moneneff, and of Gcissman^® have showm, for example, that sepa 
rate genes control tlie production of 4'*hydroxy]ated aglycones (eg, 
pelargonidin, apigenin, kaempfcrol) and of 3',4'«d2h>drDX>]ated aglj cones 
(e g , cj anidm, luteolm, quercetin) The number and position of hydrovjl 
groups attached to ring A arc also controlled by different genes, and the 
nature and position of the carbohjdratc units m the glycosides are 
determined b> still otiier genetic factors 

38 T R Seshadn, Ann Rcy Btockem, 20, 487 (1951), K Paech Ann Rtv 
Plant Phj/nol, 6, 273 (1955) 

3^15 J C Lawrence and J R Price, Btol Rev^, 15, 35 (1940) 

E G Jorgensen and T A Gcjssman, Ach Bwchem and Btophys, 55, SS3 
(1955), T A Geissman and J B Harbome, ibid, 55, 447 (1955) 
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le, synthesize protein, m a culture medium in ivhich ammonium salts 
are the sole nitrogen compounds Higgler animals (eg, the rat) can 
also derive a major proportion of their protein nitrogen from dictar> 
ammonium salts, but these oiganisms must be supplied, m addition, vilh 
a dietarj source of certain indispensable ammo acids Among the micro- 
organisms, the lactic acid bacteria also require certain preformed ammo 
acids, advantage has been taken of this property for the ammo acid 
analysis of protein hydrolysates (p 126) 

Ammonia is not the only inorganic substance, however, that can serve 
as a source of nitrogen for metabolism It will be recalled that higher 
plants readily utilize inorganic nitrate, which represents the principal 
form of nitrogen supplied to plants by soil In addition, numerous 
microorganisms can use as nitrogen sources not onlj nitrates or ammonia 
but also nitrites These aspects of the metabolism of inorganic nitrogen 
compounds will be considered later in this chapter Attention will be 
given first to the important group of microorganisms that transform 
atmospheric nitrogen (Nn) into inorganic or organic nitrogen compounds 
and therefore can use the nitrogen of the air for metabolic purposes The 
process of converting free nitrogen gas to bound (or fixed) nitrogen is 
termed “nitrogen fixation ” 

Nitrogen Fixation* 

The best known representatives of the nitrogen-fixmg organisms are 
the heterotrophic bacteria which can grow in the complete absence of 
bound nitrogen, so long as a source of carbon (eg, mannitol) and 
atmospheric nitrogen are present Among these bacteria are members 
of the genus Azotobacter (isolated by Bcijcnnck m 1901), a group of 
aerobic organisms found free living in soil Azotobacter is remarkably 
efficient in the fixation of nitrogen, since tlie uptake of 1 milhmole of O 2 
leads to the fixation of as much ns 0 1 millimole of No Azotobacter and 
other nitrogen-fixing organisms require trace quantities of molybdenum 
or vanadium salts for nitrogen fixation and for growth, approximately 
1 part per million of one of these metals is sufficient to exert an optimal 
effect 

Biochemical studies indicate strongly that, m Azotobacter, ammonia 
is the product of nitrogen fixation which is incorporated into organic 
substances- The major points of evidence m favor of this view are the 
following 

1 P W Wihon and R H Burns, Bact Jtevs, 11, 41 (1917), Ann Rtv MtcTohwl, 
ty 415 (1053), P V\ yVdson, Advances tn Emymol, 13, 345 (1952), R H Bums, 
jn yV D McElfoj and B Ghss, Inorgatac Ettrogen Mclabalism, Johns 
Press, Baltimore, 1956 

2R M Allison and R H Bums, J Btol Chem, 224, 351 (1957) 



28 


Metabolic Utilization of 
Inorganic Nitrogen Compounds 


The proteins nrc of ^ ital importance in the maintenance of the struc- 
tural and functional intcgntj of all biological forms In li\ ing organisms, 
hoii\c\cr, proteins are contmuouslj being broken down to smaller frag- 
ments (peptides and ammo acids), and some of the nitrogen is transferred 
to end products of protein metabolism (c g , ammonia, urea, uric acid, 
alkaloids) Tins degradation of proteins is counteracted bj metabolic 
mechanisms for tlio sjnthcsis of proteins AH tlie a\ailablc data on 
protein formation m biological s> stems indicate that amino acids and 
their dcri\nli\cs sene as precursors of proteins, as noted earlier, protein 
sjnthcsis from ammo acids is an endergome process and must be coupled 
to energj -j icldmg steps in the oxidative breakdonn of carbohydrates 
and fats 

As i\ill be seen from the succeeding chapters, a ^a^let} of metabolic 
reactions arc a\ailablc for tlic degradation, synthesis, and mtcrcon\ersion 
of tlic protein ammo acids Consequenth , the capacitj of an organism 
to ‘synthesize a protein docs not depend upon an external source of all 
the constituent ammo acuN IIowc\cr, many organisms must rcceixc, 
from tiio external cnMronincnt, one or more ammo acids which cither arc 
not formed in I'li'o or arc sy iitliCMZcd too slowly to permit normal protein 
s^nthc'l<5 Such ammo acuK arc tenned “indispcns ibk" (ji 724), and, 
when the requirement^ for «uch indispen«nblc ammo acids ha\e been met, 
the remainder of the nitrogen needed for protein ‘•x nthesis can he supplied 
in the form of animonuim ‘‘alts The generalization may be made that 
nmnionia forni*! tlic kcx intermediate in mtnigen mctaboIi«ni, and mo«t 
organi'«m‘', when =upphcd with an adequate *:ourcc of utihzablc carbon 
compound'', other essential clement- (eg , sulfur, phosphorus), and indis- 
pcn-able dietarx nutrient-, can rcadih ii'^c ammonia a« the principal 
metabolic -ourcc of protein nitrogen Manx microorgani«ins belonging 
to the group of nram-ncgalix e bictcnn (eg , / schcnchta coli) can grow, 
&73 
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compounds thai may be derived by oxidation or reduction of are 
shown in the accompanying scheme, it cannot be stated at present which 
of these intermediates between No and NH3 are in\ohed m nitrogen 
fixation In this connection, it is of interest that labeled nitrous oxide 
(N^^oO) IS slowly assimilated bj Azotobacter mnelandii, and that N2O 
competitively inhibits fixation of N^® The other possible intermcdi- 



ates—h>pomtrous acid® {HON=:NOH), mtramide (HsN— NOg), hv- 
droxjlamme (NHoOH), and hydrazine (HoN — NH>) — are too toxic or 
msufficientlj stable (or both) to be tested adequatclj with the nitrogen 
fixing bacteria , diimidc {HN=NH) is too unstable to be isolated as such 
The possibiht> exists that the free inorganic compounds shown in the 
scheme do not represent the true intermediates between Nj and NHj 
in the cell, and that these intermediates arc organic substances to which 
the inorganic nitrogen compounds arc bound 
The enzyme system thought to perform the over-all hydrogenation of 
Nfl to NH3 has been termed “nitrogcnase,'' but hltlc is known about its 
properties, because considerable difficulties have been encountered in the 
preparation of cell-free extracts that can effect nitrogen fixation’ In 
particular, the immediate metabolic source of protons and electrons for 
the reduction of Nj to NH3 is unknown It has been suggested that 
“mtrogenase” is closely related to the enz>me hydrogenase, which 
catalyzes the reaction 2 H+ -f 2e:?±H2» and which is present in many 
microorganisms, including bacteria that do not fix No 
The relationship between nitrogen fixation and the action of hvdfO' 
genase has been brought out cspcciaUj clearly by work with a photo- 
synthetic purple bacterium {Rhodospinllum rubrum) which produces 
molecular hydrogen upon illumination® This photosjnthctic production 
of hydrogen is abolished, however, when No is present Gest and Kamca 
hax e shown that under these conditions nitrogen fixation occurs Aside 
from providing further evidence for the view that an essential photo- 
chemical reaction in photosynthesis is a reduction, this important finding 

M Mozen and R H Burr», RtocAtm ct Biopkyt Ada, 14-, 677 (1951) 

T Chaudhar> ct al, Biochim et Btophya Acta, 14, 507 (1954) 

E Magee and R H Burns / 635 (1950) 

8 11 Gest and M D Kamen, Setence, 109, 658. 560 (1919) 
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1 If Azotohacter vinelandii is exposed for a short time (3 to 15 min) 
to No labeled ^ith most of the isotopic nitrogen is recovered in 
the bacterial glutamic acid, glutamme, and aspartic acid An exactly 
analogous result is obtained if the isotopic N 2 is replaced by ammonium 
salts containing N^®H 4 + As will be seen later, when higher plants and 
animals arc gixcn isotopic ammonium 10 ns, the greatest accumulation of 

also IS found in the glutamic and aspartic acid residues of the 
proteins 

2 When both No and ammonium 10 ns, or compounds that can readilj 
give rise to ammonia (e g , urea), are present, Azotohacter preferentially 
uses ammonia as the sole source of nitrogen, thus, m the presence of 
ammonia, nitrogen fixation is suppressed ^ 

3 On the other hand, compounds such as nitrate or nitrite that are 
not rcadilj con\crted to ammonia by Azotohacter do not inhibit nitrogen 
fixation so effectively as urea, the organism must be cultivated on these 
substances (1 e , it must be adapted) before it will be able to use them in 
place of atmospheric nitrogen 

Significant evidence for the view that ammonia is the ke> intermediate 
in nitrogen fixation lias come from studies with another soil microorgan- 
ism, Clostridium pasteunanwn, first isolated b> Winogradskj m 1893 
In contrast to Azotohacter, this organism is an anaerobe, and it 
derives energj from the fermentative degradation of glucose and related 
compounds Also, unlike Azotohacter and other aerobic nitrogen-fixing 
bacteria that rapidlj utilize an> available ammonia for the synthesis of 
amino acids, Cl pasteunanmn excretes into the culture medium consid- 
erable quantities of ammonia and other nitrogen compounds Conse- 
quentlj, it has been possible to show that N^®-labeled N 2 is directlj 
conv erted into isotopic ammonia bj Cl pasteunanum * For example, 
when growing cells were exposed for 45 mm to Nn containing 31 3 atom 
per cent excess N^®, the ammonia isolated from the medium contained 
14 atom per cent excess N*® , the latter isotope concentration w as approxi- 
matcK ten times as great as that of the total nitrogen of the medium 
Since the amide-N of glutamme and of asparagine contained 8 and 2 
atom per cent excess N^®, respectively, the isotopic ammonia in the 
medium could not have been domed primarily from the deamidation 
of these two amides 

Although the evidence is strong for the conversion of N 2 to NH 3 prior 
to incorporation of the nitrogen into organic compounds, the chemical 
events m this conversion are not known Some of the inorganic nitrogen 

Newton et a! J liiol Ckem, 20i 445 (1953) 

■* I Zelitch et a! J Biol Chem 191, 293 (1931) 
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into the EOil led Virtanen to suggest that this compound, as uell as 
hjdrox>lamine, functions in the fixation of Na into ammo acids, as 
shown in the accompanj.ing scheme Honeier, hidrcxjlamine is a 


N2-’-*NHsOH- 

Rhizafnam 


Glucose 


COCOOH— 
^ CKjCOOH 


NOH 

CCOOH 

(ilHaCOOH 

Rhuobivm 

NH2 


Other ammo aci<Is, 
protein, etc 


CHCOOH AapartKsnd 
CH 2 COOH 


relatively toxic eubstancG, and ifc is possible that oximes maj anse y 
reactions other than the direct interaction of free NEgOH tMth keto 
acids The enz>mic reduction of oximes to ammo acids, as well as e 
enzymic transfer of oxnumo (=:KOH) groups from one keto aci 0 
another, has been demonstrated with microorganisms and with a sanely 
of other biological systems*® 

A significant adsance in the study of symbiotic nitrogen fixation nas 
been the demonstration of this phenomenon with excised root no ues 
from scleral leguminous plants*® Such preparations exhibit op imu® 
nitrogen fixation at an oxygen tension of about 05 atmosphere, an 
little fixation is obsciwed under anaerobic conditions or at high oxjgeu 
pressure 

In connection with the requirement of O 2 for symbiotic ni rog 
fixation, it will be recalled from the discussion of the heme proteins 
a hemoglobin-like pigment has been found in root nodules (p 104) 
fixing Rhizobia do not produce this pigment, and root cells pro uce 
only when they are in symbiosis with the bactena The pigment appea 
to be absent in aerobic nitrogcn-fixing organisms such as Azo 0 ac 
The heme protein of root nodules combines re\ersibly with oxygen 
carhon monoxide m a manner similar to the behaiior of the 

transporting pigments of animals (hemoglobin, myoglobin, hemocyamn , 

and CO inhibits mlrogcn fixation at very low concentrations A 0 
no definite function can be assigned to this heme protein in symi lo 
nitrogen fixation, it is reasonable to suppose that the pigment ac s 
speed up the transfer of oxygen to the nitrogen-fixing system 


K \aaiai\izi et al , Emymologta 17, IlO (19M) -p 

I'M H Apn=cin et al, / &ol Chem 208, 29 (1954), W E Magee 
Bum** Plant Phynot , 29, 199 {19S1) 

H N Little and R H Bums, J Am Cham Soe^ 69, 838 (1917) 
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nl«o indicates a direct link between the “nitrogennse” sjstem and the 
reaction catalyzed In Indrogcnasc It would appear tliat in Rhodospi- 
rdluni nibnini nitrogen fixation is couplctl to the utilization o( electrons 
and protons anting from the photoliMs of water b> actuated clilorophjll 
(p 549), and that these electrons and protons can cither be conierted to 
II_ bj hjdrogenasc, or utilized for the reduction of No ° It maj be 
added that a larietj of other photosjnthctic organisms (bacteria, algae) 
also can fi\ atmospheric nitrogen 

A close relation between nitrogen fixation and hjdrogenasc is further 
indicated bj the finding that Ho inhibits the utilization of No bj Azoto- 
bacter, and studies with a cell-free preparation of Clostndnim pasteun- 
mmm nl«o show a link between hjdrogenasc and the reduction of N 2 
Partiallj purified hjdrogenasc preparations from Cl pasteuriamtm con- 
t iin a moljbdonaaoprotcin (cf p 339) which participates m electron 
transfer from to a ^anctJ of oxidants” 

The fixation of No bj Azotobacter is fa\orcd bj reduced oxjgen 
tension,’- suggesting thht, in tins aerobic organism, Oo and No compete 
for electrons and protons dcn\cd from the o\i<int)on of metabolites This 
obfcer\ation is consistent with the finding that anaerobes such as 
Clostndia fix No more cfTicicntlj than does Azotobacter 
Symbiotic Nitrogen Fixation Azotobacter vuiclandii and Clostridium 
pa<ftcuriamim are onlj two of the nianj nitrogcn-fixing organisms found 
in nature As noted before, thc\ arc frcc-lnmg organisms, and, when 
«oil 18 allowed to bo fallow, such organisms contribute to its natural 
fertilization Soil maj al«o be fertilized b> the cultnation of one of the 
leguminous plant-- (alfalfa, clo\cr, lupins, licans, etc) The roots of 
thcsc legumes Imic nodules fomicil be the action of the group of bacteria 
of the fNncobiiini tamil\ , Rhizobia, m association with the root cells 
of the pi mt, c m cfTect the fixation of atmospheric nitrogen Since neither 
the root celN nor the bacteria scpiratch cm fix nitrogen, the process 
1 ^* u-ualh ternud “‘ijmbiotic nitrogen fixation” Among the numerous 
-‘tiidcnt-' of the hiochcnu«trx of this process jjas been Virtanon,’^ who 
Miggi -ted that the kex intermediate in nitrogen fixation is b\ ilrow inmme 
The detection of hxdroxxlimmt m root nodules and the finding that 
siinll, but significant, unount** of oxiniinosuccinic acid wore released 

®II first ( t nl m t\ D Mfl lro\ nml II CKv* Inttrgnmc ^tlrngcti Metobolum, 
Joliri'* Hopkmt Pits* UTltimoro I95C 

O 1 1 opk vlriM Jlci I'lonl Phv^inl 7,51 (195G) 

" \ I rt nl J Iw Chevt S»c 76 3355 m t\ D McFIrov and 

II Gli'« /noro'tnic \ilrnff<n Uclnbolum Joliti^ Ilopkm^ Prrv Hallimom 1906 
\ Pukrr \al>irc 173 7‘;0 (lOjl) 

”P \\ till on Thr /fior/irtnt’trv o/ Ji/roprn Fualwn Unuep*it} of 

t\i‘<on*jn Pn-."' Mn<li*on laJO 
” \ 1 tirtwn liiol Itcii 22,239 (1917) 
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heterotrophic UDcroorganisras {cgf'Eschenchta cdli, Clostridium tielchu, 
Proteus vulgaris, and Pseudomonas aeruginosa) When % oJatile prodncti 
(Na, X 2 O) are formed from nitrate by soil bactena, nitrogen is lost 
from the soil ("denitnfication”) 

The first step in the utilization of nitrate bj organisms that can 
metabolize it is a reduction to nitnte, caialjzcd by the enzyme "nitrate 
reductase " This enzjmc has been found in higlier plants, and m micro- 
organisms adapted to gron on nitrate, it appears to be a moIjbdoSa^o- 
protein^ As noted earlier (p 339), it catalyzes electron transfer from 
TPXH or DPXH to nitrate, and molybdenum probablj participates la 
this process, thus proi iding an explanation for the long-known require- 
ment of trace amounts of this metal in the metabolism of lanous plant 
and microbial cells TIic equilibrium in the reaction 

TPXH -f H+ X03~ TPN+ -f -f H 2 O 

IS far to the right, and a rmcr&al of the reaction leading to the reduction 
of TPX"** has not been effected In the reduction of X^Og"' to X02~,tli® 
gam of 2 electrons is accompanied bj a change m the oxidation number 
of the nitrogen atom from +5 to h- 3 
For organisms containing nitrate reductase, nitrate can gene as the 
terminal electron acceptor for the oxidation of metabolites (e g , succinic 
acid, lactic acid, and formic acid) under anaerobic conditions, thu 
utilization of nitrate as the terminal oxidant is inhibited by Og Thus 
the reduced p}ridme nucleotide needed for the zutrate reductase reaction 
IS generated b> dehydrogenase-cataJjzed hydrogen transfer from a 
metabolite In photosjuthetic organisms, reduced pjndme nucleotide 
maj be generated bj photorcduction (p 554) , the reduction of nitr-itc 
IS promoted bj illumination, and nitrate seixes as an aU€mati\e electron 
acceptor in photosjnthesis In some bactena (eg, Micrococcus 
denitnficans) , the reduction of nitrate can be coupled to the oxidation 
of H 2 Clearlj, nitrate can be used bj manj organisms for the exergonic 
oxidation of metabolites, and it has been reported that such electron 
transfer is accompanied bj the generation of ATP, in a manner com- 
parable to respiratorj chain phosphorylation^ (p 381) 

Since nitrate can be used by manj organisms not only as a participant 
m energy -jieldmg reactions, but also as a source of nitrogen for cellular 
proteins, enzjTnic mechanisms mu«t be axailable for the further reduction 

23 D J D Xicholas and \ Xasoo J Btol Chem^ 211, 183 <1951) Pla^il PhjnoU 
30, 135 (1955) , J Bad , 69, 5S0 (1955) 

2‘H J E>aasand A XVon Plant Phystol,%Z,'PrZ (1954), C B 
BiocUm ei Biopkys Acta. 12, C7 (J953) 

2=S Tanigucbi et al, m W D &Ic£lro> and B GIas», Inorganic 'Sitfogdi 
Mdaholum, Johns Hopljas Pres, Baltimore 1956 
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Metabolism of Nitrite and Nitrate 

Soil nitrate represents the principal source of nitrogen for higher plants, 
and the natural accumulation of nitrate in soil (“soil nitrification”) is 
the consequence of the microbial oxidation of ammonia continually 
formed from nitrogen compounds by degradative processes in all organ- 
isms^® In 1890 Winogradskj isolated from soil the organisms named 
Nitrosomonas, nliich rapidly con\erts ammonia to nitnte, and Nitro- 
hacter, nhich oxidizes nitrite to nitrate 

NHj + + 1 5O2 NO2 “ + H2O + 2H+ (aF° = ca —75 kcal) 
NO2- + 0 502-^ NO3- {aF° *= ca —20 kcal) 

These tno organisms exhibit remarkable specificitj , Nitrobacter is 
inactive toward ammonia, and A^tfrosomonas does not oxidize nitrite 
They arc autotrophic bacteria and therefore do not require the presence 
of organic substances for growth, howeier, the occasional statement that 
such compounds (eg, glucose) are inbibitorj is erroneous Whate\er 
carbon compounds arc required arc s>nthcsi2cd by the cells from COo 
and water, the energj for these cndcrgonic syntheses is dcriaed from the 
oxidation of ammonia or nitntc Approximately 6 to 8 per cent of the 
maximallj available energy released m the two oxidative reactions is 
utilized for chemosj nthesis , the remainder is largclj dissipated as heat 
The oxidation of ammonia to nitntc by Nxtrosomonas may involve 
hydroxylaminc as an intermediate, since this organism can convert 
NHoOH (at low concentrations) to nitrite, furthermore, in the presence 
of hjdrazine as an inhibitor, ammonia is converted to hydroxjlamine 
In relation to the possibility that bound by droxy lammc is an inter- 
mediate, it may be added that n variety of organisms are capable of 
oxidizing oximes-* Little is known about the role of other possible 
intermediates (Iiyponitritc, nitramide, etc ) in the conversion of ammonia 
to nitntc by Nitrosomonas The oxidation of nitntc to nitrate by 
Nitrobacter has not been studied extensively, this process appears to 
involve the participation of a cytochrome-* 

The reverse of the nitrification reactions, the reduction of nitrate to 
nitrite, liy droxy lamine, ammonia, or No, has been demonstrated in many 

1 ® C C Dclwictic, m V\ D McElro> and B Clxss Inorganic Nitrogen MclaboUsm, 
Johns Hoplvins Pre*!? Baltimore, 1956 II Lccs in Societj for General Microbiologj , 
/lntotrop/uc iUtcro-orj 7 anisms, Cambndge Unnersitj Pres« London 1954 
G M Baas Becking and G S Parks Physiol Revs , 7, 85 (1927) 

-•*11 Toev A'oturr, 169, 156 (1952), T Hofman and 11 Lees Biochcm 3 54, 
579 (19o3) 

-• J II Qiiastel ct nl Nature, 166, 910 (1050) 

--II I^os and J R Simpson, BiocAcm / 65, 297 (1957) 
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of nitrite but- also to a parallel decrease in the carbohydrate stores of the 
plant and a marked increase in the rate of respiration 
As mentioned earlier, some soil bacteria produce N 2 O from nitrate 
Since NoO is at the oxidation lerv'el of hyponitrous acid, it has been 
suggested that KjO arises by the transfer of 2 electrons to nitrile and 
the intermediate formation of the nitroxyl radical (NOH) or some 



'Niiroxyl" Hyponittvui and KitrPusMJtl* 


mramula *^^2® 

f!s ' Postulated pathways m the melabohc reduction of nitrate to NB$, N 2 ?^s0» 
and NO m microorganjama and higher plants 

organic den^atue of this radical In addition to NoO, nitrogen gas is 
a normal product of denitrification by several bacteria (eg, Denitro- 
bacillus hekenofonms) and raaj anse by the reduction of NgO or of 
hypomtnte (or an organic denvatne) Furthermore, cell-frre extracts 
of some bacteria [Pseudatnonas stutzen, BaciXlM^ subhlis) have bees 
obtained ^hich con^ ert nitrate not only to NgO and Nj, but also to 150 * 
In considering the possible mechanisms of these denitrification reactions, 
it IS of interest that DPKH and ascorbic acid react nonenz^mically with 
nitrite at acid pH \alues to form NgO, Ng, and XO Such nonenzjmic 
reactions betneen nitrous acid and organic substances have also beetj 
obser\ed with amino acids and peptides (p 49), and mth a derivative 
of p“hjdroxj cinnamic acid, xrbich is oxidized to the corresponding 

"9K C Hflmntr Solan Gat, 97, 744 (1936) 

2’’ W Verhoe% eo in W D McElroy and B Glass, InOTgame Ktlrogen Metabolism, 
Johns Hopkifls Press BaUimorc, 1956 

aiV A Najiar and M B Alien, / BmI Ghent, 206, 209 (1954). C Cbuag 
and V A Naijar, tbid^ 218, 617, 627 (1956) 

J Evans and C McAuliffe, jn VT I> McEIroy and B Glass, /norganid 
h'tirogen Metabolum, Johns Hopkins Press, BaUimore, 1956 
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of the nitrite produced in tlic nitrite reductisc reaction Bacterial and 
plant cnzjmo preparations liaic been obtained nliich cataljze the reduc- 
tion of nitrite b\ TPNH to li> dro\> lammc , m this conacrsion, catalyzed 
b\ “nitrite reductase/’ a transfer of 4 electrons occurs (oxidation number 
of nitrogen in NH 2 OH is — I) It has been assiuned that two succcssuc 
2-clcctron step-? are iniohcd, iiith a substance at the oxidation lead of 
the nitrox\l radical (NOH) or the dimeric lijponitntc (oxidation number 
of nitrogen, +1) as an intermediate The cxidence for the formation of 
such an intermediate in the reduction of nitrite to hidrox-ylamine is 
largely circumstantial In addition to the nitrite reductase system, an 
enzjme preparation tint catalyzes the reduction of h>droxjlamine by 
DPNH to ammonia has been obtained from Neurospora, both the nitrite 
reductase and the “hjdrox\ lammc reductase” sj stems appear to in\ohc 
tlic particijiation of fl i\ in components ^ It maj be concluded, tbcrcforc, 
that an cnzjmic pathnaj is a\adablc for tlie conicrsion of nitrate to 
ammonia m microbes and plants Although the utilization of nitrato- 
nitrogcn for ammo acid synthesis ma> jirocccd bj this pathnaj, the 
possibilitj IS not excluded that NHjOH maj be used m form of oximes, 
nliich arc then reduced to ammo acids For example, oximmosuctmic 
acid (p 078) and the homologous oxinunoglutanc acid )ia\c been shown 
to scric as excellent nitrogen sources for oat plants 

Lndor usual agricultural or natural conditions, man> plants (apple 
tree, asparagus, etc ) obtain so little nitrate from the sod that notable 
amounts of tins compound arc found onlj m the roots The ammonia 
formed in this ti'-'Uo !*> then used for ammo acid sjnthcsis or is trans- 
located to the stems and lca\cs Ilowcicr, some plants (tomato, tobacco, 
etc) arcusuillj grown with an abundant supply of nitrogenous fertilizer, 
in tliC'C, nitrate ina\ be present in large quantities m the lea\es, iiherc 
reduction to ammonia also occurs It i*? of intercut that under normal 
conditions the reduction of nitrate <locs not appear to be rc\crsiblc m 
plants, fcincc the adimniatration of N*®-hbc!ed ammonium salts to 
tohicco It lies did not ItuI to the appearance of K*® in the nitrate 
friction 

It will lit clear from the prciioiis dKcu-sion that (lie coincrsions of 
nitrite to mtritc, hidrowhmine, and aiimionia are endcrgonic processes 
and must he coupled to the breakdown of carhohjdrntc This has been 
ilemon«tr ited (xjitrimcntalli with tomato plants winch had been dejilctcd 
of nitrogin, tht ndimni*“tr ition of nitrate leads not oul\ to the appearance 

\ N'V'<in in M I) Mol Iroi 'ind H Glas? /norpanic Ailfo{;rn 
JnIm^ Uni k:ri« I’n-v'* Ihllinuirr ia,C A Mnlina nnd D J D Nicholns, /iic/c/um cl 
Aria 23, US (P*j7) 

?*J O tnn /^t rhnf r/ij/nol 1,1 (1^53) 

■"C C Ddwiolio J /I, of C/ictn, 189, IG7 (I9j1) 
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Enzymic Cleavage 
and 

Synthesis of Peptide Bonds 


In mo3t microorganisms and higher plants^ the nitrogen for protem 
sjntheais is assimilated m the fonn of simple compounds such as nitrate, 
ammonia, or ammo acids In higher animals, honever, most of the 
nitrogen used for metabolic purposes is derived from the ingestion of 
the tissue proteins of other organisms (plant and animal) Before this 
dietary nitrogen can be made available for the s>nthcsis of ncir protein®, 
the ingested proteins must first be degraded to ammo acids or other simple 
nitrogen compounds (ammonia, peptides) All organisms that can use 
proteins as sources of nitrogen are equipped with enzjraes (protcobtic 
enajmes, proteases) v-luch catal> 2 c the hydrolytic cleavage of peptide 
bonds Some aspects of the specificity of the proteolytic enzymes were 
discussed on p 274, but, because of their importance m the mtermciiiate 
metabolism of proteins and of peptides, these enzymes mil be considered 
more fully m what follows Valuable surveys of this field have been 
prepared by Northrop ct al Smith," Ncurath and Schwert,® and Green 
and Neurath ■* 

Hydrolysis of Proteins and Peptides in 
tsdammalian Digestion 

In higher animals, the enzymic degradation of dietary proteins to ammo 
acids takes place m a physiological apparatus whicli performs the 
process of digestion Since the digestion of proteins, and of other food- 

H Northrop M Kutnti and R M Bemoil, Crj/slalknc Enzyme^ 2 nd Ed, 
Columbia Unn orsitj Prr-w Xcw York, JIMS 
-EL Smith m J B Sumner and K M>rbdck, The Etizymts Academic Pre^ 
New Vork, 1951 

311 Neurath and G W Schwert Chem Rctu , 4f>, 69 (1950) 

< N M Green ami H Neurath m H Neurath and K Bailej, The Prolans, Vol 
UB, Chapter 25, Academic Pre^a New \ oik 1954 
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p-hjdrox^mandelic acid dcnxatnc®* The possibility exists, tlicreforc, 
tint the gases formed in denitrification may arise at least in part from 
noncnzymic reactions of nitrous acid with oxidizablc cell constituents 

The postulated pathuays in the reduction of nitrate are summarized 
in Fig 1 It ^mII be noted that se\cral of the steps arc the rc\ersc of 
the reactions thought to occur in nitrogen fixation and in nitrification 
As in these processes, it is likely that some of the postulated intermediates 
in nitrate reduction arc actually bound to organic compounds, but no 
conclusiae PMdence on this question is aaailable at present 

33 G Tabor‘-k> et al , J liiol Chem , 226, 103 (1957) , C Zioudrou ct al , J Am 
Chem Soc, 79, 4114, 5951 (1957) 
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gastric mucosa in the form of sinking hexahedral crj^stals {cf p 23) , 
subsequent work his led to the numerous improvements m the original 
method of crystallization' Cry‘«tallme pepsin preparations have also 
been obtained from other animal species (beef, salmon, tuna®) 
Crystalline sivine pepsin is a protein (particle size approximately 
35,000) characterized by an unusually lovv isoelectric point (less than 
pH 1) and by the fact that il is readily denatured at pH values higher 
than 6 TTie enzyme contains, per unit of 35,000, 1 equivalent of bound 
phosphate which can be removed by means of potato phosphomono- 
csterase (p 581) without loss of pepsin activity Pepsin contains 1 
N-termmal isoleucme residue per unit of about 35,000® Partial hy- 
drolysis of crystalline pepsm gives peptides of phospho-i -serine (p 55) ’ 
Pepsin IS classified as a proteinase, since it causes the degradation ol 
nearly all proteins It does not hydrolyze the protamines or the kciatins 
to a measurable extent The pH optimum of its action on proteins varies 
somewhat with the nature of the protein substrate, but is in all cases 
near 2 ^ The action of cry’stalhnc swine pepsin on bovine serum albumin 
leads to the formation of fragments that contain, on the average, seven 
ammo acid residues,® howev'er, the limits of variation in the size of the 
individual fragments liavc not been ascertained Because of the complex 
nature of the protein substrate, it is difficult to determine the site of 
enzymic action and tlic clicmical structure of the split products that ate 
formed For this reason, the discovery m 1938 of simple peptide deriva- 
tives that are hydrolyzed by crystalline pepsin made possible the first 
systematic examination of the specificity of the enzyme Thus crystal- 
line swine pepsin was found to catalyze the hvdrolysib of the peptide 
bond between the glutamic acid and tyrosine residues in the compound 
carbobenzoxy-L-glutamv I-L-ty rosinc In this substrate, the carbo 

benzoxy group merely serves as an acyl substituent at the aramo group 
of the glutamic acid residue, the tnpeptidc gly cyl-c-glutamyl-i*- tyrosine 
IS also hydrolyzed Subsequent studies showed that even simple pep* 
tides such as L-cystinyl-bis-n-tyrosine and n-methionyl-n-tyrosme are 
hy'drolv'zed by' crystalline pepsm" These findings with synthetic 
substrates demonstrated that pepsin acts at peptide linkages, and pm* 
vided additional support for the peptide theory of protein structure 
(P 130) 

5E R Noma and J C Mathies, / Bwf CRcm, 673 0553) 

<5 K Hcirwcgii and P Edman, Biochxm el Biophys Acta, 24, 219 (1957) 

’M T\x\m,J Biol Chvm 210,771(1954) 

K Chri<!tenien, Arch Biochem and Biophys , 57, 163 (1935) 

»A BebfT and C B An6nsea / Biol Ckem 176, SOS (1918) 

S Fruton and M Bergmana 3 Biol Chem, 127, 627 (1939) 

'‘C R Hanngton and R V Pitt-Rneta, Biochem J, 38, 417 (1914), C A 
Dekker et al . J fii/il ion »ee 
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CLEAVAGE AND SYNTHESIS OF PEPTIDE BONDS 

stuffs, has been studied primanlj m mammals, most of the a^allable 
information relates to the enzjmcs of the gastrointestinal tract (Table 1) 
of these organisms, this knowledge has, however, proved to be of value 
for the understanding of analogous metabolic reactions m other biological 
forms, such as the invertebrates and the insectivorous plants 


Table I Proteolytic Enzymes in Mammalian 
Gastrointestinal Tract 


Secretion Enzjane 


Comments 


Gastric 


Pancreatic 


Intestinal 


Pepsin 


Rennin 


TriTisin 
Chj motrjTisin 
Carbov) peptidase 
Aminopeptida&es] 
Prolidase I 

Tnpeptidase j 

Dipeptidascs j 


A proteinase also found in the 
gastric juice of birds, reptiles, 
and fish 

A milk-coagulatmg enzyme pres- 
ent in the jmee of the fourth 
stomach of the calf 
A proteinase 
A proteinase 
A peptidase 

Peptidases 


Pepsin In the course of the gastrointestinal digestion of proteins, the 
cnzjmic attack is initiated m the stomach, at a pH of ca 1 0, by pepsin 
This substance occupies an important place in the development of enzjmc 
chemistry since, as was noted earlier (p 209), the demonstration of the 
chemical nature of tlie process of gastric digestion bj Reaumur and 
Spallanzani during the eighteenth centurj marked a new chapter m tlie 
history of phjsiology However, the real foundations of modem gastric 
phjsiolog} were not laid until 1833, when M illiam Beaumont, an Ameri- 
can army surgeon, described his studies on Alexis St Martin An 
accidental discharge of a sliotgun that caused a permanent opening 
(fistula) connecting the stomach and abdominal ‘surface made St ilartin 
one of the nio«t famous patients in the histoiy of experimental medicine 
Thus tlie possibilit} of obtaining gastric jiucc through the fistula enabled 
Beaumont to perform, for the first time, studies of the influence of dietarj 
and emotional factor*! on tiic «ccrction of the gastric juice In tlie course 
of thc'c experiments, Beaumont established conclusiv olj the solv ent pow cr 
and aciditj of the ga«tric secretion 
The name “pepsm” was assigncal bv Schwann m 1830, and during the 
latter part of that century Pckclhanng (1895) reported some progress 
m the purification of tlie cnzjme The iiiOit decisive advance was made 
m 1930 when Northrop described the preparation of pepsin from swine 
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it has been concluded that the specificity of trypsin is directed to the 
hydroljsis of peptide bonds to which an i-argmme or L-ljsine residue 
contributes the carbonyl group Suitable synthetic substrates for 
crystalline trjpsin are, therefore, benzoyl-L-argmmamide or benzojl-t,- 
lysmamide, these are deamidated to bcnzoyl-L-argininc and bcnzojl 
L-lysine, respectively The replacement of either of these aramo acid 


HzN—C— NH 

II 1 

HN (CH2)3 

CeHsCO^NHCHCO— NHs 

Benzoyl ixtrgimnamide 


NHz 

{iH2)4 

C6HsCo-nhI::hco-nh8 

Be&R»l o-lysitiatnide 


HjN-C— NH 


HN (CHila 

CeHsCO— NH<!:HC0-0CH3 

neszoyl uargizii&e methyl ester 


residues by a varietj of others renders the compound resistant to the 
action of trjpsm Crjstalhne trypsin also hjdroljzes protamines and 
synthetic l>sine peptides prepared bj polymerization reactions (cf p 
130) Crjstallme trypsin can act at ester linkages as well as at amide 
bonds, provided that the other spccificitj requirements of the enz>infi 
are met® Thus trjpsm hjdrolyzcs benzojl-i-argmine methyl ester, 
but not benzoyf-L-Ieucine methyl ester This important finding and the 
discovcrj that chjmotrypsm also U>drol>zes ester linkages (p 693) 
raise the possibilitj that such linkages may be present in intact proteins 
(cf p 131) 

The specificity of trypsin for bonds involving an arginine or hsine 
residue applies not onlj to sjnthctic substrates, but also to proteins, 
thus making this enB>me a valuable reagent in the studj of t! c ammo 
acid sequence in complex polypeptide chains (cf p 145) 

jTrjpsm IS domed from an inactive precursor, named trjpsmogen, 
present m the acinar cells of the pancreas This precursor was obtained 
m| crj stalhne form bj Kunitz and Northrop,^ who showed that the 
fohnation of trjpsin occurs rapidly when tr>psinogcn is dissolved m 
neutral solution The transformation of trypsmogen to trjpsm is most 
ra|)id at pH values of 7 to 8, and the activation is catalyzed bj trjpsm, 
thb reaction, therefore, is autocatal} tic In the course of this activation, 
enzjmicallj inert protein is also formed as a bj-product, this side 
reaction maj be prevented b> conducting the actuation in the prcsenj:e 
of Ca-+ It has long been known that alkaline earth ions such as Ga“ 


-E Kotcliil-ki. Advances %n Protein Chem , 6, 123 <1951), S G \Ulej obJ 
•J W atson Bjochem J , 55, S28 (1953) 
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COOH 

I 

CHj 

I I 

CH, CHj 

C6H5CH2OCO-NHCHCO-NHCHCOOH 

Carbobeniox) UElutamil (^iironine 
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COOH 

A 

j 

CHj 

V 

J. + 

T 

CH. 

CHs 

1 

C0H5CH2OCO-NHCHCOOH 

1 

NH2CHCOOH 

C«rbob««tot> irclutaiRic inti 

uT> rosioe 


It uil! be noted thnt the sjntliclic substrates mentioned abo^c al! 
contain an L-t>rosinc residue, in Inch participates m the scnsiti\c peptide 
bond through its ammo group Of a \arict> of ninino acid residues 
e\amincd, onlj that of i-phcn>lalanine scratd ns n suitable replacement 
for the tjrosinc residue m s>nthctic substrates h>drol>zcd b> pepsin 
More recent studies’* liaNC shown that acyl dipeptides in nnIucIi both 
ammo acids are citiicr t>rosmc or pUcnjlalanme (eg, acet> Ui.-phon> 1- 
alanjl-i-tjrosme) arc hjdroljzcd more rapidlj than carhobenzoxj - l- 
glutarn\l-L-t)ro5inc It iNOuld appear, therefore, that the specificitj of 
pep-^in fa\or» tlic li>drol\«is of peptide linkages m which an aromatic 
ammo acid pro^ldc^ the ammo group for tlio scnsituc peptide bond 
Thi*! bond need not be adjacent to a free a-carbo\jI group, as m carbo- 
hcnzo\j-L-glutani>I-i-t)ro'ine, since substitution of the COOH of the 
t\rO'-inc rt«idiic <locs not abolish pepsin action Conscqucntlj , pepsin 
I's an enzNiiic which can attack peptide bonds in the interior of peptide 
chains, nich tnzjmcs hn\c been tcnnc<l “cndopcptidnscs " The endo- 
pcptida=c^ arc difTcrciitiated from the “cxopcptulnsc':,” which arc re- 
stricted in thtir action to the h>droli5is of peptide bonds adjacent to 
tormina) o-ainino or n-earbo\Nl group'- Clcarh, since there arc rcla- 
ti\cl\ few tcrinmal o-nnimo or o-carbo\>l groups in intact proteins, the 
protcmasc' imi'-t attack peptide bond" that are centrallj located in 
peptide cliuns, it , tliCN mU"t bt tndopeptidasc" 

Although "tudu" of the action of pcp«m on sjnthctic «uh=tratc'> and 
protein" indicite .1 preference for peptide bond- inNobing nrntnatic 
ammo acid r(")<lut", pepvin preparitions haNc been shown’* also to 
I lUVrr J lim\ TArm, 193, SW (1951) 

I Singer nnd 11 T«rr) Jhochtm J , 19, 4S1 (1951) 
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t\ith the liberation of HF, and the formation of an inactne dnsopropyl 
phosphorjl trypsin (DlP-trypsin) The site of attachment of the DIP- 
group IS not knoan, but it may be the j8-hydroxyl group of a senne 
residue 

Chymofrypsm As noted earlier, the pancreatic secretion contain®, 
in addition to trypsin, another proteinase, named ch>motr>psin The®e 
U\o enzymes i^erc first distinguished from each other by \irlue of the 
fact that trj’psm decreases the clotting time of blood but does not clot 
milk, whereas chjmotrypsm clots milk but not blood Chymotryp'in 
IS a term applied to the members of a closely related group of enzmic 
proteins (a-, p-, y>, S-, and ir-chyrootrjpsms) all having the same proteo* 
Ijtic actiMtj, and all domed from an inactiNC precursor (chyraotryp- 
smogen) present in the pancreatic acmar tissue Chymotrypsmogen was 
first crystallized by Kunitz and Northrop, and it may be considered one 
of the most homogeneous protein preparations yet described because of 
the extremely satisfactory nature of its solubility curves (cf p 26) This 
protein has a molecular eight of about 25,000, a frictional ratio of 1 12, 
and an isoelectric point near pH 95 Chymotry'psmogcn contains, per 
unit of 25,000, one free a-amino group, •which belongs to a cystine residue, 
the other ammo group of this residue is linked m the peptide chain ^ 
The protein appears to contain a C-tcrmmal tyrosine residue*® 

The addition of catalytic amounts of trypsin to solutions (pH ca 8) 
of chymotrjpsinogcn causes the activation of the precursor, other 
protcinases (eg, subtiUsm, p 708) also can acti\atc chymotrypsmogen 
Rapid actnation is effected by relate cly large amounts of trypsin (ca 
1 mg per 30 mg of chymotrypsmogen), with the initial formation of 
ff-chy motry psm, which is then converted to S-chymotrypsin*^ Studies 
by Desnuelle, Keurath, and their associates*- have shown that m the 
conversion of chymotrypsmogen to ir-chy motrypsin a single peptide 
bond (arginyl-isolcucyl) is cleaved by trypsin The formation of 8- 
chymotryp&m is caused by the action of s-chymotrypsin on itself, with 
the liberation of the dipeptidc scrylai^nine, and the appearance of a 
C-terminal leucine Tims the conversion of chy motrj psinogen to 8-chy- 
motrypsm involves the successive action of trypsin and chymotrypsm on 
the peptide sequence -Icucyl-scryl-argmyl-isolcucyl- 

If smaller amounts of trypsin arc used (ca 1 mg per 10 gm of 
chymotrypsmogen), the major products are jS-, and y-chy motry psio, 


F R Bottelheim, J Bid Chem , 212, 235 (1955) 

Meedom Acta Chem Scand, 10, 881 (1956) 

F Jacobsen Compl rend trav lab CarUbergf ber cAim , 25, 325 (1917) 

32 M Roverj et al liiochim cl Bwjdiyi Ada 17, 565 (1955) , J Drejor and 
n Veiiralb J Bxol C/trm , 217, 527 (1055), H Keurath and C H Divon, Fedew- 
(’roc, Ifi, 791 (1057) 
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promote the conversion of trjpsinogen to trjpsin, and it is probable that 
this effect is a consequence of the inhibition bj of the enzjmic 

formation of inert protein from denatured trypsin 
The conversion of trypsmogen to trjpsin can be effected by proteolytic 
enzymes other than trypsin Thus the duodenal mucosa elaborates an 
enzj me named enterokmase w hich can perform this process Also, Kunitz 
has shov.n that a mold of the PemciUmm group forms an enzyme which 
acts optimally at pH 3 4 m the activation of trypsmogen, the trypsin 
produced is indistinguishable from that formed by the autocataljtic 
conversion of trypsmogen or by the action of enterokmase 
The molecular weight of trypsmogen as determined by sedimentation- 
diffusion IS similar to that of trypsin, but it is known that trjpsinogen 
IS a slightly larger protein In the conversion of the precursor to trjpsin 
(either by trjpsm or by enterokmase), only one peptide bond appears 
to be hvdroljzed, with the liberation of the acidic he\apeptide valjl- 
(aspartyl) 4 -l>sme"^ Since the N-terminal amino acid sequence of 
trypsin is isoleucj 1-v alj I*glj c> 1-, the transformation of mactiv o tr> psmo- 
gen to active trjpsin is caused by the cleavage of a lysyl-isolcucyl bond 
in the precursor protein 

In pancreatic extracts, trjpsinogen is accompanied by a large basic 
peptide (molecular weight, ca 9000) which has been obtained in crjstal- 
lino form This peptide combines with trjpsm in a 1 1 ratio to form 
an inactive trypsm-inhibitor compound-^ Inhibitors of trypsin activitj 
have been prepared from a varictj of natural sources,-® of special interest 
IS the isolation from sojbean extracts of a crjstalhnc protein of molecular 
weight ca 24,000 winch forms an inactive addition compound with 
crjstalline trjpsm-'^ Egg wliitc contains a water-soluble mucoprotein 
which IS a powerful inhibitor of trjpsm, and trypsin inhibitors have also 
been found m lung tissue, m blood, and m human and bovine colostrum 
(the milk formed immcdiatclj after delivcrj of the joung) 

A striking inhibition of trjpsm is effected by diisopropylfluoro- 
phosplntc-^ (DFP, p 261), which also inhibits chjmotrjpsm and 
various esterases In the reaction with trjpsm, 1 molecule of DFP 
combines with 1 molecule of the protein (molecular weight, 24,000) 

23 L Gorim nnd F Felix, Bwchtm et Biopkyn Acta, 11, 535 (1953), N M 
Green and H Nciirifh, J Biol Chem , 204, 379 (1953) 

2»i; \\ Da\ic and II Ncurath, J Btol Chem , 212, 515 (1955), P Desnuelle 
and C Fabre, Btochtm cl Biophys Acta 18, 49 (1955), I Jamashma, Acta Chem 
Scan, I 10, 739 (1956) 

2 N M Green and r Vtork Biochcm 7, 51,257,347 (1953) 

2'5M I n«kow ‘•ki and M la'^kowski Jr , Adiaticcs tn Protein Chem 9, 203 (1954) 
27 M Kiinitz, J Gen Physiol , 30, 291, 311 (1917), 32, 211 (1918), E W Da\ie 
nnd 11 Jscunth, J Btol Chem 212, 507 (19o5) 
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>S-phen>Ipropionic acid, if the CO group of the acid participates in an 
airiide, ester, or ei en a C — C bond, such a Jinhage is hj drolyzed under 


HO— CH2CH8CQ— CHaCOOH 

diT>xjT)Iie°>l)-3-ltetovaIene ««<I 


OjN- 


0-AeetrI p-tutTophenol 


'-COCH3 


suitable conditions In accord uith this conclusion is the fact that 
yff-phenjlpropionic acid itself is an effectne corapetitne inhibitor of 
ch> molrjpsin 

<»-Ch>Tnotopsin also catal 32 es the h 3 'drol>«is of O-acetjI-p-nitro- 
phenol, in this reaction, p-nitrophenol is liberated more rapidly than 
acetate, and an intermediate acctj'I-chymotrj'psm is formed®^ If the 
reaction is conducted at pH 6, the intermediate maj be isolated m 
crj'stalJine form This “acjl-enzymc” is inactne toward chymotn’psm 
substrates, but at alkaline pH \alues the acet}J group is b>droIjzed off, 
and the enzjmic activity is restored The acet^d group of acetvl- 
chjmotrjpsin can also be transferred to acceptors other than water, with 
ethanol, cthjl acetate is formed” It has been suggested that an 
imidazol}! group of chjraotrjpsin is aectjiatcd by 0-acetjbp-njtro- 
phenol, and that this group is part of the "active center" of the enzjme** 

The inhibition of e-chjmotrjpsin bj DFP (p 261) leads to the intro- 
duction of 1 dusopropjlphosphoiyl (DIP) group per unit of about 
25,000 Although acid hjdrol>i>ib of the macti'ie DIP'ch^TnotrjTisin 
gi\es phospho-L-senne, it is possible that an imidazolyl group of the 
protein is the site of attack by DFP, and that the DIP group is trans- 
ferred to the hjdroxjj group of serine in the course of acid hjdroljsis’® 

Digestion of Proteins Pepsin, trjpsin, and chjmotrj'psm represent 
the principal protein-splitting cnzjTncs of the mammalian gastrointestinal 
tract Thej cause the breakdown of large protein molecules to small 
peptides and free amino acids, and thej will m general attack different 
peptide bonds, thus leading to an extensne cIea^age of dietarj proteins 
It should be added, howexcr, that, despite the manifold capacities of 
these protcin-sphtting enzjroes, not all protein* arc rcadih digestible 
For example, mo=t ^e^teb^ates do not digest the insoluble fibrous protein 
keratin On the other hand, the clothes moth has, m its digests e sjstem, 


S Hank} and B A Kifby, Stochem 50, 672 (1952) 56, 2SS 
A K Balls and F L Aldnch, Proe A a// Acad Sc% , 41, 190 (1955) 

K Bill* and H V Wood.J Biol Cftem , 219, 245 (1956) , C F McDonald 
and A K Balls tbtd^ 221, 993 (J956) 

S Hartlej Ann Beps , 5J, 300 (1955) , H Gutfreund and J M Sturte»an(, 
Biochem 63, 65G (1950), M B Bender and B B Tumquest. / Am Chem 
Soc, 79, 1052, 1056 (1957) 

39 N K «H:hafrer ct / BtoJ Chem 214, 790 (1955) 
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which appear to have essentially the same molecular weight as chymo- 
trjpsinogen and x- and 8-chjmotrypsin «-Chjmotrypsin is the active 
enzjme first crystallized by Xunitz and Northrop, its isoelectric point 
IS near pH 8, and its particle weight is about 43,000, which corresponds 
to a dimenc form of the protein a-Chymotry psin arises by autolytic 
clea\age of x*chymotrypsm not only at the leucyl-seryl linkage, but 
also at a tyrosyl-alanyl bond located in a different part of the protein 
molecule Since no fragmentation of the protein occurs in the formation 
of a-chymotrypsm, it is assumed that tlie separate peptide chains ha\ing 
isolcucyl and alanyl N-terminal residues are held together by disulfide 
bridges (cf p 132) The nature of the structural differences among 
a-, /3-, and y-chymotrypsin (other tlian in their crystal form) is unclear, 
it IS possible that additional peptide bonds may ha\e been clea\ed by 
autolysis®^ Brown et al^^ ha\c described still another crystalline form 
of chymotrypsm named chymotrypsin B 
The chymotrypsins cause the hydrolysis of peptide bonds not only m 
proteins but also m suitable synthetic substrates (pH optimum ca 8) 
a-Chymotrypsin is an cndopeptidase and readily liydrolyzcs CO — ^NH 
linkages m which the carbonyl group is supplied by L-tyrosme, as m the 
simple compound bcnzoyl-L-tyrosylglycinamide Other synthetic sub- 
strates of chymotrypsm arc acclyl-L-tyrosmamide and glycyl-L-tyrosm- 
amidc If the tyrosine residue of acetyl-L-tyrosinamide is replaced by 


OH 



CH2 

CfiHsCO— NHCHCO— NHCHzCO— NHz 

Benzoyl utyrosylgUeiaamide 

that of L-phcnylalanine, of n-tryptophan, of L-methionine, or of L-leucinc, 
hydrolysis of the amide bond is obser\cd, replacement b\ other protein 
ammo acids prevents enzyme action «-Chy motry psin hydrolyzes tlie 
tstcr bond of acetyl-L-tvrosmc ethyl ester much faster than it acts on 
the corre&jKinding amide Of special interest is the finding’^’ that 
5*(?>-hydro\\phcn\l)-3*ketovaltnc aud is hvdrolyzed by chvmotrypsin 
at the bond shown m the forintil i on pigc 094 It will be seen from 
the foregoing tint the enzvmc rcadilv interacts with derivatives of 

a’J A Ghdnrr and H Ncurith J Biol Chetn 20f>, Oil (19S1), M Rovory 
ot nl litochttn et Ihnphy^ Acfa, 23, COS (19o7) 

K D Brown ct a! J Biol Chrm 173 , 09 {1918) 

C Doherty J Am Chem Shc, 77 , 48S7 (1955) 
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IS not c\cluded, howe\er, that some peptides escape hjdroljsis m the 
intestine and are absorbed into the portal circulation 
Carboxypeptidase The best known of the peptidises js one tliat 
attacks peptides from the carboxjl end of the chain, and is, therefore, 
termed carboxypeptidasc It accompanies trjpsin and chjmotrypim in 
the pancreatic secretion and has been crystallized from beef pancreas bj 
Anson, ^ who also has shown that in fresh pancreas carboxypeptidase is 
present m the form of an mactnc precursor (procarboxj peptidase) which 
IS rcadilj converted to the active enzyme b> catalytic amounts of trjpsin 
Procarboxypeptidase has a particle weight of about 90,000, whereas that 
of the active enzyme is only about 34,000, thus in the activation bj 
trypsin nearly two thirds of the precursor is split Crystalline 

carboxypcptidase contains I atom of zinc per unit of 34,000, and the 
raetal ion appears to be essential for cnzjmic activit> 

As noted previously (p 276), carboxypcptidase does not exhibit 
absolute spccificitj with respect to the side chain (RO of the terminal 
ammo acid at the carboxyl end of the peptide chain However, the rate 
of carboxypcptidase action is most rapid when the terminal ammo acid 

R' CH2C0H5 

RCO— NHCHCOOH RCO-oinCOOH 

residue is tliat of L>plienj lalanmo Replacement of phenylalanine bj 
other L-aramo acids gives the following decreasing order in the rate of 
hjdrolysis tyrosine, tryptophan, leucine, methionine, isoleucine, alanine, 
glycine In addition, the enzyme hydrolyzes ester Imkages of suitable 
substrates, eg, acyl derivatives of ^-phcnyllactic acid (cf formula) 
Carboxypcptidase can also liydrolyze some peptide linkages adjacent 
to free o-carboxjl groups in the peptide chains of proteins, this property 
has been employed for the determination of C-termmal ammo acids in 
proteins (cf p 144) 

Intestinal Exopeptidases The intestinal mucosa contains a number 
of peptidases whicli complement the action of pancreatic carboxy pep- 
tidase in effecting the cleavage of peptides formed by the partial break- 
down of tlic dietary proteins Among tlicsc intestinal enzymes are sev enl 
armnopcptidascii. ic, enzymes that catalyze the hydrolysis of peptide 
linkages adjacent to the free a-ainino group of a peptide One amino- 
peptidasD acts preferentially on peptides m which the free ammo group 
IS that of an L-lcucme residue, it is therefore named kucinc ammo- 
peptidase A convenient substrate for this enzyme is L-leucinamide 

«P J Keller etflJ / Biol Chem , 22S, 457 (1956) 

^ ^ Nctirath J Bull CAtm, 2 17, 253 (1055) 

5E L Smith ^dtances tn Emymot, 12, 191 (1051) 
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a rchtivclj liigh concentration of sulfhvdrjl compounds, nliich effect 
the reduction of tlie disulfide groups of keratin (cf p 132) , the resulting 
product (keratein) is rcadih attacked bj the proteinase of the moth 
intestinal tract 

The difference in the beha^ lor of keratin and kcratem as substrates for 
proteinases calls attention to the importance of linkages other than 
peptide bonds in determining the structure of proteins Striking illustra- 
tions of this fact liaA c come from the studies of Lindcrstr0m-Lang and 
his associates** on the hjdroljsis of natne and denatured /?-lactoglobulm 
bj trjpsin or ch\motrjpsin Thus, in the initial stages of the enzjmic 
Indrohsis of the nntiic protein, the obsened elcctrostnction (p 709) 
IS abnormal!} large, nith a denatured protein as the substrate, the initial 
elcctrostnction is nithm the range obscracd m the hjdroljsis of simple 
peptides These results can be explained bj the assumption that the 
initial clea^age of the peptide bonds of the nnti\c protein is accompanied 
b> the spontaneous rupture of linkages other than peptide bonds It 
lias been suggested tint tlicsc labile linkages arc related to those 
broken in the denaturation of proteins (p 154) It is a general phenom- 
enon that the denatured form of corpuscular proteins arc attacked more 
rcadilj b} proteinases than the corresponding natn c proteins 
The digc'tibihtj of dictarj proteins will be impaired if the foodstuffs 
include a substance tliat inhibits the action of one or more of the gastro- 
intistinal protcina«es This has been shown to occur when a diet contains 
a large proportion of soybeans which, it will be recalled, contain a 
powerful inhibitor of pmcrealic tr>p&in 
It 18 of interest tliat \\\ mg animal tissues arc more resistant to digestion 
l)j protcina‘‘CS than dcid ti'sucs, this has pro\cd to be of some clinical 
lahic in tlic u'-c of tr\p'?m to di's-ohc dead human ti«>ue which accumu- 
lates in «CM.ril di'-ea^cs Northrop has conducted studies on the action 
of pep^n, tr>p‘-in, and other proteinases on hiing organisms (tadpoles, 
eggs of Irhncja, etc ) ** 

In the digc-ti\e tract, the action of the protemaecs leads to the forma- 
tion of ptiitidcb (and ammo acid*«) and is followed In that of a senes of 
cntMut-* aide to h\drol>zc peptidc'' but inactn e tow ard proteins or larger 
pcptidt fragment* Tlic-c arc the c\opcptida*c* (ul*o tenned peptidase*), 
who'( -pecifintj is such that (hc\ act onlj at peptide bonds adjacent to 
frtt tirmina! ft-carlja\>l or n-atiiitio groups Tlit pcptida*es thus coin- 
pUt( the conitrsion of diet irj protein* to ammo acids h\ clcaiagc of 
ammo acids from the tn«ls of the 'mailer pejitidc chain* The possibihtj 

I imli r>trem 1 me nnil I / phi/ntul CArm, 237, 131 ( 1 * 135 ) 

K I inilf r«lrjim I^iiC Cold i'pnng Harbor Symposia Quant lltol 11 117 

(HUa) 

♦'J II NorUirop J Grn /’AyW 9, 497 (1920) , 30, 375 (I*)!?) 
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of metal sons for its activity Tnpept^dases also are present in blood 
and m Ijmphoid tissues {thjraus, mesenteric node, etc), but their 
phjsiological role in these tissues is unknown 
All the peptidases discussed above catalyze the hjdrolysis onlj of 
amide bonds m\ohing primary amines le , CO — NK bonds Peptides 
of proline (an imino acid) contain a CO — linkage, the hjdroljsisof 



COOH 

Glycyl i^prolice 

peptides such as gljc>l-L-prolmc requires the action of a specific intestinal 
peptidase, named prohda<?e, -ahich is activated by 
Specificity of the Gasiromtesimat Proteolytic Enzymes In general, 
the specificity of the proteoijtie cnzjracs depends on the nature of the 
peptide backbone m the substrate, of special importance is the presence, 
adjacent to the sensitnc peptide bond, of a CO — NH group (as for some 
of the cndopcptidases) or of a free carboxjl or ammo group (as for the 
cxopeptidases) In addition, the cndopcptidases and se^c^al of the 
exopeptidases exhibit more or less specific requirements for the presence 
of the side chains of particular amino acid resi« 
[ ^ definite structural relationship to the 

sensitive peptide bond (Table 2) 

All of the enzymes listed in Table 2 are stereo- 
i chemically specific for the L-form of the ammo 

acid residue bearing the characteristic side-cbam 
\ group Thus pepsin does not hydrolyze acetyl- 

OQ Entyme n-pheny Ittlany I-n-ty rosinc at a measurable rate, 

leucine arainopeptidasc does not act on n-lcucyl* 
rig 2 Postulated poly- glycylgly cine, and chymotry psin does not spld 

affiDitj relationship be- benzoy 1-D-ty rosmamide To explain this stereo- 

rsubslrtrlFroirs 'hem'™! spcciBraty, it has been assumed that a 

PrutoD, Yale J Biol and mutual adjustment of enzyme and substrate 

A/cd, 22, 263 (1950) ] “polynffinity ’* relationship) occurs in such 6 

way that there are at least three points of specific 
interaction (cf p 277) As shown m Fig 2, proteinascs such as tryps^*' 
and chymotry psm are believed to combine with their substrates by 
specific interaction with the sidc-cham group (R), with some element 

Bcrgmana and J S Fruton, in Emymolt 1, 63 (1911). M fierg 

maun, tbid , 2, 4? (J 912 ) 
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CHs CHs 

\ / 

CHo 


CHj CHs 

V 

I 

CH2 


NH2CHCO— NH2 NHsinCOOH + NH3 

L-Lcucjnarmde i^Leacine 


Highly purified preparations of leucine aminopeptidase also hjdroljze 
CO — NH bonds in\ohing N-tcrminal ammo acid residues other than 
leucine, and this enzjme has proved to be a \aluable reagent in studies 
on the structure of proteins and natural polj peptides 
Smith has pro\ided evidence for the \itw that the aminopeptidases,^^ 
and some of the other knovvn peptidases, are metal enzj mes It has long 
been known that the addition of metal 10 ns such as Mn2+, Mg2+, Co2+, 
and Zn2+ activates certain peptidases Smith has proposed that these 


preteia 


metal-activatcd peptidases function by forming an enzjme-substrate 
complex in which the metal ion serves as one of the combining groups 
For example, the cataljtic action of leucine aminopeptidase, which is 
stimulated bj Mn2+, is thought to involve the formation of an inter- 
mediate compound of the tjpe shown in the accompanjing diagram 
Some aminopcptidascs can attack peptides of varjing chain length, 
but there arc several that appear to be confined in their action to dipep- 
tides and tnpcptidcs Thus a number of specific dipcptidises have been 
identified, one of these, which is activated b> Co2+, appears to be 
limited in its action to the h>drol>sis of gljcylgljcinc'*® Another amino- 
pcptidasc is re^itrictcd in its action to the hjdroljsis of tripeptides, but 
it will hjdroljzc a large varictj of these, the activitj of this enzyme 
(tnpcptidasc*”) docs not appear, however, to depend on the presence 

K R' R" 

NH 2 CHCO— NUCIICO— NHCHCOOH 

L Smith and D JI SpacLman / Biol Chem 212, 271 (1^55) 

1 L *5mith, FeJeratuin I’roc , fl, 581 (tOtO) 

L Smith, y Biol C/.ern, 173,671 (19IS) 

L Smith nnil M Horpmann / Biol CAcm 153, 027 (1911), J S Initrn 
ctu! ibiJ, 173, 157 (1915), 191, 153 (1951), E Adams ct al.ibid, 199,8-15 (19 j2) 
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specificitj requirements, cspccwUj with regard to the nature of the side 
chain, appear to be similar for the cnz^mic hjdroljsis of the amides 
(or peptides) and of the esters 

From the preceding discussion it is clear that, despite the c\traordmarj 
specificity and aauety of action exhibited h\ the proteolytic enzymes 
of the ga^strointestinal tract, the presence of so large a number of enzymes 
permits the hydrolysis of dietary proteins of the most \aried ammo acid 
composition The extensile enzymic apparatus present in the gastro 
intestinal tract thus ensures the breakdown of dietary proteins to ammo 
acids, these products enter the portal circulation and arc earned to the 
hver and other tissues, where they may be used for the synthesis of tissue 
proteins (Chapter 30) or may' participate m reactions that lead to their 
degradation (Chapter 31) 

The intestinal absorption of <amino acids docs not occur by free dib 
fusion, but rather by a nietabohc process that is specific for t-ammo 
acids, and which appears to be coupled to oxidative phosphorylation “ 

Proteolyfic Enzymes of Animal Tissues 

The studies of the gastrointestinal protemases and peptidases ha\e 
provided a groundwork for tlie examination of the properties of the 
proteolytic enzymes derned from other animal tissues, as well as from 
plants and microorganisms It has long been known that animal tissues 
(eg, Iiier, spleen, kidney) contain proteolytic enzymes, since tissues 
can undergo a process of “autolysis,” which includes the extensne degra- 
dation of tissue proteins to ammo acids and peptides Among these 
intracellular enzymes are sex oral protemases named “cathepsins" The 
term “cathepsin’' was originally employed to designate what was thought 
to be a single proteinase of animal tissues, but sex oral members of this 
group of enzy'mes are now known Thus, far, three separate protemases 
of animal tissues haxe been characterized, these are termed cathepsin A, 
cathcpsin B, and cathepsin C (Table 3) Although none of the cathepsms 
has been prepared in crystalline form, the use of simple synthetic sub- 
strates of known structure has permitted the identification, partial 
purification, and study of the properties of these enzymes Of the three 
cathepsms listed in Table 3, only cathepsms B and C (from beef spleen) 
hax e been purified cxtensix ely' 

It IS of interest that in tlicir specificity' the knovm cathepsms A, B, and 

51 W T Agar et al Biochtm et Biaphys Acta, 14, 80 (1954), 22, 21 (1956), 
G WjsemaD, J Phpsiol, 120, 63 (1953) 127, 414 (1955), L Fndhandler and J B 
Quastel, Arch Biochem and Bwphtfs, 56, 424 (1955) 

52 H H Tallati et al, / Biol Chem, 194, 793 (1952), L M Greenbaum 
J S Fruton, xbid , 226, 173 (1957) 
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Table 2 Specificity of Proteolytic Enzymes 

Preferred Groups in Backbone of Preferred Side-Cham Group 
Enzjme Substratcf 

Endopeptidases 

Pepsmt R 

i I 

— CO— NHCHCO— NHCIICO— 

TriTisin R 

I 

—CO— NHCHCO— X 
Chjmotrjpsm R 

I 

—CO— NHCHCO— X 

Exopeptidases 

Leucine ami- R 

Qopeptidase | 

NH-CHCO-NH— 

Carboxypep- R 

tidase I 

— CO-NHCHCOOH 

Tnpeptidase R R' R" 

I 1 I 

NH-CHCO-NHCHCO— NHCHCOOH 

Dipeptidases R R' 

1 1 

NH CIICO— NHCilCOOH 

t The requisite groups in the peptide backbone are indicated in bold-faced letters 
J The spocificit) of pepsin is incomplctelj established 


(R) m Substrate 


p-Hjdroxjbenzjl or benzyl 
(from L-tjTOsme or 
ir-phenj lalanine) 

5-Guanidino-n-propyl or 
£-ammo-n-butjl (from 
L-argimne or L-lj sine) 

p-Hjdroxjbenzjl or benzjl 
(from L-tj rosine or 
L-phenj lalanine) 


Isobutj 1 group (from 
L-leucme) 


p-Hjdrox>ben 2 jI, benzjl, 
etc (from L-tyrosme, 
L-phen> lalamnc, etc ) 


of the sen&ituc peptide bond, and probablj with some clement of tlie 
peptide bond adjacent to the scnsitixc linkage In suggesting that the 
carbon} 1 group is a point of attachment of the enzjrae to the sensitive 
peptide bond, it is also assumed that the cnzjme acts to effect an elec- 
tronic shift analogous to that postulated for the nonenzymic cataljsis of 
the h}droljsi>5 of nniulcs and esters (cf p 280) Strong support for this 
Mcw comes from the fact, cited earlier, that crystalline proteinases such 
as trjpsin or ch\motr\psin h>droljze ester linkages in compounds exactly 
analogous in stnicturc to the peptide substrates but containing a CO — OR 
group in place of the sensituc peptide bond (CO — NH) Thus the other 
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peptidases, dipeptidases, Inpcptidase, and prolidase found in the pancre 
atic secretion and m the gastrointcstinai tract The intracellular 
earboxj'peptidasc has a pH optimum near 5 and is actu ated b> sulfhydrj 1 
compounds With the exception of tnpcptidase, the other knovvn e\o 
peptidases of animal tissues arc activated by metal ions The ammopep- 
tidase of same kidney has been purified appreciably 

It should be emphasized that the above listing of the intracellular 
proteolytic enzymes of animal tissues is not a complete one, other 
cathepsms'^° and cxopeptidases are present, but the specificity of most 
of these has not been adequately characterized The physiological role of 
the intracellular proteolytic enzymes in the living cell is not clear at the 
present time, it is believed, however, that they may pJaj a role in 
the biosynthesis of the peptide bonds of proteins and of naturally 
occurring peptides (cf p 717) 

Blood Coagulation Although the addition of crystalline trypsin to 
mammalian blood accelerates the rate of blood coagulation (cf p 692), 
pancreatic try^psm is nob concerned witli the phenomenon of blood 
clotting m normal mammals This process, under the control of a 
complex system whose details are far from clear, involves the participa- 
tion of proteolytic enzymes present in blood The formation of the clot 
IS caused by the enzymic conversion, by the plasma proteinase thrombin, 
of the plasma protein fibrinogen to the insoluble protein fibrin Partially 
purified preparations of thrombin hydrolyze p-toluenesulfonyl-i- 
argmme methyl ester,®® which is also a synthetic substrate for crystalline 
trvpsin, and, like trypsin, thrombin preparations are inhibited by DPP 
(p 691) In the conversion of fibrinogen to fibrin, peptide material is 
released,®® tlius indicating that peptide bonds have been cleaved It is 
probable that the association of fibrin particles to form a clot depends 
on the unmasking of reactive sites by the proteolytic removal of the 
peptide material 

Purified fibrinogen may also be clotted by proteinases such as the 
enzyme papain (p 704) and by various snake venoms which contain 
proteolytic enzymes It is probable that some of the toxic action of such 
venoms is duo to their proteolytic activity 

In normal plasma the level of thrombin is negligible, as needed, it 

B5D Spackman et al, 7 Biol Chem, 212, 255 (1955) 

60 A Schaffner and AI Truelle Biachcm Z, 3J5, 391 (1043), K b-ing ana 
F Wegner, ibtd, 318, 462 (1948) 

67T Astnip, Alliances tn Emymol, 10, 1 (1950), W H Seegers, tbid, 16» 
(1955) 

Sherry and W TroM, J Btol Chem, 20S, 95 (1954) 

66 L Lorand and W R Middlebrook, J, 52, 190 (1952), Science li»* 

515 (1953), F R Bettelheim Bioehtm cl Biophys Ada, 19, I2I (1956) 

H Donnelly ct ai , Arc/i Btochem and Biophys,S6,369 (1955) M Laskow 
aki, Jr , et al , / Biol Chim , 222, 815 (1956) 
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C are counterparts of pepsin, tnpsm, and chjmotrjpsm, respectnely 
Thus cithcpsm A, '\\hich acts on carbobenzo\j-L--glutamjl-L-tjrosine, is 
comparable in its specificity to pepsin, catiiepsm B lias a specificity simi- 


Table 3 Some Intracellular Proteolytic Eniymes of 
Animal Tissues 


Current Namcf 


Former Name Tj pical Sj nthetic Substrate 


Cathepsm At 

Cathepsm B 
Cathepsm C 
Leucine ammopeptidasc 
Carboxj'pcptH'ise 

Tnpepticlasc 


Cathepsm 1 

Cathei>sin II 

Cathepsm III 
Cathepsm IV 


Carbobenzovj -L-glutamj I-l- 
tj rosine 

Benzo\ l-L-argminamide 
Gb cv l-i/“phenj lalaninamide 
ly-Leucinamide 
Carbobenzoxj glj cj 1-L-phen- 
jblanme 

Gbc>lgljc>Igljcme 


t E'lch of the names gixcn m this column may be considered to represent a class 
of enzymes, these terms may bo prefaced by the site of ongm of a particular 
enzy mo (e g , beef spleen cathepsm B, si\ me kidney carbow peptidase) 

{The designation of this enzyme os an cndopeptidnse is based solely on its 
apparent similarity in specificity to crystalline sivme pepsin, and must be con- 
sidered proi isiona! The specificity of pepsin is incompletely defined, and cathepsm 
A has not yet been purified extensively 


lar to that of try pain, and acts on benzoyl-L-argininamidc, and cathepsm 
C has a specificity similar to that of chymotrypsin, and acts on glycyl- 
L-pheny lalaninamide However, the specificity of cathepsm C is more 
sharply restricted than that of chy motry psin, and the intracellular enzy me 
appears to be limited in its action to CO — NH (or CO — OR) bonds of 
dipcptide derivatives having a free a-amino group®® 

R R' 

I 1 

NH 2 CHCO— NHCHCO— NH— 


These cathenMn" attack proteins and arc cndopcptidases, they differ 
from the digc»tiv e protein a^cs in the pH optima of their liy droly tic action 
(nc ir pll G) ukI in the fact that cntlicpsins B and C arc maxiinally 
active in the pres-cnce of Milfhvdryl compounds such as cysteine or 
glutathione * M lien a ti-'uc ilic'- the /iH licconics shglitlv acid, and tlic 
uitolvtic iction of the intricelliilir cnryincs i-^ favored In the process 
of auloU'-i'*, the ti*^'Ue protein i-^cs arc aided hv a variety of tissue 
evopcptidaecs, winch arc counterparts of the carboxy poptida'c, amino- 

*''»N Inimnannil J S Initon J Ihnl rAc>n,21G, 59 (I95G) 

®‘J I niloii mill M J Mviik IrcA /iiochcm and Hio/dij/i 65, 11 (1950) 
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Bne£ mention ma> be made at this point of the fact that both fibnno- 
gen and prothrombin are synthesized m the Iner and that Mtamin K 
Ip 668) IS essential for tlic sjnthesis of prothrombin, a deficiencj m tbj' 
\ itamin therefore leads to an impairment of the blood-clotting mechani'm 
The action of Mtamm K is counteracted bj the drug dicumarol [3^'- 
raethy Icne-bis {4'hj droxycoumarm) ] ^ 



OH OH 

Dicumato! 


It IS obMous from the foregoing that, despite the extensive studies id 
this field, much remains to be learned about the enzjmic niechani:ni’ 
involved m blood coagulation The scheme shown m Fig 3 maj be 
useful in summarizing the present status of the problem 


Fibnaogen 
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" Prothrombin 


Inhibited by «bU> 
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Ac-clobDJjn 
pbtelet nbsUoce* 

Inhibited by hepana 


-Inhibited by »*»- 


Plasminogen - 


Inhibited fay anU- 
plasnun 


/ 


Spbt p'WJUcU 


rig 3 Probable tnccham«in3 tmohed in blood coagulation 


Proteolytic Enzymes of Higher Plants 

FroteQl3'tic enz>nics are widel> distributed in manj kinds of 
tissue, but most of the available information deals with the protema'cs 
present in the latex of several plant species For example, the latex of 
the papaja (Canca papaya) contains active proteina'cs, two of the^ 
(papam and chjmopapain) have been obtained m ciystalhne form 

P Link, Federation Prac , 4, 176 (1945), Harvey Lecturer, 39, 162 (IND 
“A K BalU and H Imewpn^cr / Bml Chem 130, 609 (1939), F F 
and A K ibid^ 137, 459 (4911), J ICimmel and E L Smith, 20«, 

515 (195-1) , Adiancca tn Emymol, 19, 267 (1957) 
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arises from an enzjmically mactue precursor named prothrombin 
Human plasma contains 10 to 15 mg of prothrombin per 100 ml The 
con^erslon of prothrombin to thrombin requires the presence of Ca“+ 
ions and may be effected bj substances of unknown nature derned from 
manj animal tissues, especiallj lung and brain These tissue substances 
ha\e been given the names thromboplastin (by Howell) and thrombo- 
kinase (by Morawitz) It is of interest that crystalline trypsin docs not 
clot fibrinogen directly but accelerates blood coagulation by com erting 
prothrombin to thrombin 

In addition to the thromboplastin derued from tissues, other natural 
actuators of prothrombin are derued from the blood platelets and from 
a plasma protein (plasma Ac-globulm) , the latter is con\er{ed by throm- 
bin into an activator of prothrombin The available data suggest the 
following sequence of chemical events in blood coagulation A small 
amount of prothrombin is actuated by Ihromboplastic factors from 
tissues and from platelets The thrombin tliiis formed actu ates plasma 
Ac-globulin, which causes the conversion of more prothrombin to 
thrombin, this increases the amount of thrombin to a level sufficient 
to cause the clotting of fibrinogen 

The factors that promote blood coagulation arc counteracted by sev eral 
that promote the maintenance of the fluidity of the blood One of these 
anticoagulant substances is heparin (p 425), which, m the presence of 
serum, blocks the conversion of prothrombin to thrombin Normal blood 
contains only small amounts of heparin, but its concentration is markedly 
increased in anaphylactic shock In addition to heparin, normal blood 
contains substances of unknown nature wlncli inactivate thrombin 
(antithrombm) and thromboplastin (antithromboplastm) Thrombin also 
IS inhibited by hirudin (present in the glandular secretion of leeches), 
which IS a protein of molecular weight about 10,000 

Another factor present in plasma which contributes to the prevention 
of the accumulation of fibrin clots is a precursor of an enzyme (or 
enzymes) that dissolves fibrin and hydrolyzes casein, and therefore is 
assumed to be a proteolytic enzyme The enzyme is variously' named 
plasmm, fibnnolysin, plasma tryptase, the mechanism of its formation 
from its precursor (plasminogen, profibrmolysin) is unknown, but this 
conversion may be effected by shaking plasma with an organic solvent 
(eg, chloroform) or by the addition of an enzyme preparation from 
streptococci (streptokinase) Plasmm preparations hydrolyze synthetic 
substrates of pancreatic trypsin ^ An inhibitor of plasmm (antiplasmm, 
antifibrinolysin) is present in normal plasma 

R G Macfarhne Physiol 36, 479 (19o6} 

R Chn««ten<!en J Cbn Intest, 28, 163 (1919), tV Troll and S Sherry 
J Biol C/ifm, 2 1 3, 881 (1955) ’ 

“ W Troll ct al , J Biol Chem , 208, 85 (1954) 
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as indicating a reversible addition of the activator to the enzyme protein® 
Papam 4- HjS — ♦ Papain — ^HzS 

(InarU\e) (Actjve) 

In order to effect maximal activation of an extensively dialjzed prepara* 
tion of papam ^ith 0 2 M HCN, traces of cysteine (4 X 10" ® 3f) i\ere 
required, this may mean that the combination of HCN or of another 
actuator (cysteine, H^S) with the mactne proenzyme must be preceded 
by a reduction of the disulfide groups m the mactnc protein It has 
been suggested that the reversible addition of an actuator involves a 
reaction nith a carbonyl ^up m the enzyme to form a hemimcrcsptsl 
(with cysteine or HnS) or a cyanohjdnn (with HCN), since carbonjl 
reagents (hydroxylaminc, phcnylhydrazmc) inhibit papam, this inhibi- 
tion ma> be counteracted by an increase m the concentration of the 
actn ator 

Although the mechanism of the actuation of the intracellular plant 
protemases. is not yet clearly established, the process itself appears to be 
of some importance in tlic regulation of the intracellular activity of tbe«e 
tnz>tnes b> the natural actuators, the most important of which u 
glutathione Some of the intracellular proteinases of animal tissues 
(eg, cathepsm B, tissue carboxj peptidase) also require actualioo bj 
sulihydrjj compounds, probably, similar mechanisms are involved m 
the activation of both the animal and plant enzymes 
The proteinases which require actuation by cysteine, glutathione, 
HCN, etc , are completely inhibited by small concentrations (ca 
Z X 20“^ jl/) of lodoacefate Mention was made on p 325 of the 
inhibition of glyceraldehyde-S-phosphate dc]i>drogenase by this rcagtnt 
Many other enzymes are also inhibited irreversibly bv lodoacetate, and 
it IS assumed that the inhibition involves a combination of the reagent 
with essential sulfhjdryl groups on the enzyme protein’® 

Protem-SH - ICH^COO" Protem-S— CH^COQ- + HI 

Of special importance m the nitrogen ractahohsm of plants are the 
proteolytic enzymes of seeds and seedlings '\^Tlen a seed gemunates, 
the reserve seed proteins arc rapidly hydrolyzed to smaller fragments 
(presumablv ammo acids and small peptides), which are then used by 
the embryonic plant for protein synthesis Mounfield’^ and others have 
shown that the proteolytic activity' of the dormant wheat seed is small, 
but increases enormously on germination Of the seed proteinases, only 

VV Inmg Jr et al,J Biol Chem, 339, 565) (19U), 7 Gen physiol.^^i 
6C0 (19^2), J Biol Ghem, 144, I61 <1312) 

'®L HcHerman, PAynoI /?cv3, 17, 454 (1937) 

D Mounfield, Biochem J , 30, 649, 1778 (1936), 32, 1675 (193S) 
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Crystalline papain has a molecular weight of about 20,500, and an 
apparent isoelectric point at pH 88 It readily forms a mercuric complex 
w Inch contains 1 gram atom of Hg per 43,000 grams of protein Approxi- 
mately two thirds of the 180 amino acid residues of crystalline mercun- 
papain can be remo\ed by means of purified aminopeptidase (p 702) 
witliout loss of potential enzy'mic activity®® 

Other intracellular plant protcinases, which have properties similar to 
those of papain and arc therefore named “papainases," are fiem (from 
the latex of the fig, Ficus canca) and bronielin (from the pineapple) 
These enzymes act over a wide pH range (optima near pH 6) on proteins 
and on synthetic peptide derivatives of suitable structure Papain and 
ficin hydrolyze the amide bonds of bcnzoyl-L-arginmamide and of carbo- 
bcnzoxy-L-methioninamide, and papain hydrolyzes carbobenzoxy-L- 
glutamic acid-o-amide (carbobcnzoxy-L-isoglutammc) and benzoylgly- 
cinamido, the backbone tpecificity requirements of these enzymes resem- 
l)lc those of trypsin and chymotrypsm (cf Table 2) Papain hydrolyzes 
not only amide and peptide bonds, but also ester linkages (eg, m 
bcnzoylglycino ethyl ester) and thiol esters (eg, bcnzoylglycyl ethane 
thiol, CjlaCONHCHaCO-SCjHs) « 

In order to exhibit maximal proteolytic activity toward proteins or 
tow ard sv nthctic substrates, papain, ficin, and bromclm require nctiv ation 
by one of a variety of substances (glutathione., cysteine, H 2 S, HCN, 
etc ) Crude preparations of these enzymes are always accompanied by 
sufficient natur il nctiv ator (probably glutathione) to permit some pro* 
teolytic activitv, the further addition of one of the substances listed 
above increases tlic rate of enzymic action In addition to their role in 
oinding inhibitorv metal 10 ns (eg , Cu2+, Hg“+), these substances appear 
to react directly with inactive papain, however, the mcclianism of this 
direct activation has not been elucidated One opinion is that the 
actnatdp. 'crve a‘- reducing agents for the conversion of disulfide groups 
in tlie inictivc cnzvinc protein to '•ulfliydryl groups which arc believed 
to be C'-.cntial for cnzvinic activity 

K— S— fe— II -b 2 cvbtcino 2 U — S— H -f cystine 

Inurtiio Acti\o 

papain p«pain 

\nothcr view has emerged from studies witli volatile activators (HCN, 
11. S) , when thc^c were removed from an enzy me solution under anaerobic 
conditU)n‘‘, the enzvimc activity was lo«t This finding vvas interpreted 

"I I 'imith rt nl J 1U»1 Chim 207.533 Wl (in>|) Fnlrrnlwn Pruc , 16, 
‘Mil (ia57) It I, Hill and r L Smith, J Iltnl Chern 231, 117 (19aS) 

"•U II John (on J Ihol Chrm 221,1037(1956) 

®’‘T lUr«m nnd \\ I>OKcminn 7 phynol Chen^ 220, 200 (1933). 
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diffusible peptides present in partial lijdro1> sates oT proteins are better 
than pure proteins as sources of nitrogen for bacterial growth Commer* 
cial peptone preparations (eg» pepsin digest of fibrm) arc commonlv 
us«i m bactenological media It maj be added tliat many bacteria do 
not liberate extracellular proteinases into the culture medium, these 
"nonproteolytic” organisnis therefore require readily diffusible nitrogen 
sources (ammonia, ammo acids, small peptides) for growth Examina- 
tion of the abibt5 of organisms to liquefy gelatin provides a routine 
method widely used to distinguish the “protcoljtie” from the “non- 
proteolytic” bacteria 

The proteinase subtilism, elaborated hy Bacillits svbtiUs, has been 
crj stallized This enijme was disco\ered because of its action in 
comertmg egg albumin (which crjstalhzes in needles) into a new protein 
(plakalbumm) which crystallizes m plates In this con\ersicm, a hexa 
peptide (L-alanjl-gljcjl-t-\aKl-i.~asp3rl>l-L-alaD>}-L-alamne) is split 
off, apparent]) from tlie interior of a peptide chain of egg albumin, and 
the enzyme elea\ es tlie hexapcptidc further at the aspartj l-alanj 1 bond '* 
Subtihsm attacks raanj proteins, including nbonuclease, which is cleaned 
to fragments that still retain enzymic activity (Chapter 35) 

Some ^oup A streptococci elaborate a proteinase which has been 
obtained m cix'stallmc form At pH 7, and in the presence of cvstcine 
(which IS required as an activator), this enzyme attacks man> proteins 
and also hjdroKzcs beazovl-n-argminanude®® 

In addition to the abov e proteinases, a v anctj of peptidases which 
hjdroljze di- and tnpeptidcs have been found m microorganisms Mo«t 
of these enzymes are not liberated mto the medium, and must be ex- 
tracted from the disintegrated cells Several of the enzymes winch act 
on dipeptides are raaxnnallv activated bv Fe-+ plus evsteme Although 
the peptidases of most organisms exhibit specificity for the L-form of the 
peptide substrates, extracts of Leuconcstoc mesenteroides hidrolvie 
D-peptides such as n-leucvlglycvlglvcine** This abilitv of some bactcnal 
peptidases to act at peptide bonds involving D-amino acid residues is of 
interest in vnew of the fact that most of the naturallv occurring n-peptidcs 
described thus far arc elaborated by microorganisms (cf p 137) 

The proteoljtic enzyroes of bacteria are important in the digestion of 
dietarj proteins in the rumen of animals such as the sheep 

\ X Giintelberg and Ottesen Compt rend trav lab Carliherc Ser c?up»-r 
29, 30 (19M) 

♦9M Ottesen and K TVoIJeabef^, \atHre, 170, SOI {3952), M Otte<<^ 
Biochem and Bwphyg^ 6d, TO {S9o6) 

ElhoU J £xpil ATed, 92, 201 (1950) M J Mveeheta^i Chen^ 
197, 637 (1952) 

J Johnson and J Berger 4 crK»nf« in rnxirmor.. 2, 63 (1912) 
it I aiatmem and R L M Svnge Adt.ances m Protein Cfiem, 9, 93 (1951), 
£ F Annison Biochem 64 , 703 (1936) 
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araeham (from the peanut) has been studied carefullv thus far, it has a 
pH optimum near pH 7 and does not require activation bv sulfhvdiyl 
compounds In the latter respect araeham resembles several other plant 
protemases such as solanam (from the fruit of the ho’^nettle, 5ofanum 
elacapmfohuwi) 

In addition to the \anou5 protemases mentioned abo\e, several 
exopeptidases ha%e also been found m higher plants Thus malt and 
extracts of spinach and cabbage contam a leucine ammopeptidase whicb 
IS activated ba Mn-^ It is of interest that, in the sproutmg of oat 
seedlmgs, the peptidase actmty is concentrated near the grovrmg pomt 
of the coleoptile 

Proteolytic Enzymes of Microorganisms 

Bacteria, } easts and fungi contam a lai^e \anety of protemases and 
peptidases, but with few exceptions, these enzymes ha\e not been 
purified extensuelx Numerous anaerobic organisms liberate into the 
culture medium protemases ^hich can h^drol^ze gelatin and collagen, 
these enz^me5 arc frequenth termed collagcnascs The collagenase of 
Clostndium irdchu has been shown to be identical with its “K-to\m,’ 
which disintegrates the collagen netrvork m infected human wounds (gas 
gangrene) '* This ea^^^uo acts optimalK near pH 7 and does not require 
actuation h\ sulfhvdrxl compounds A collagenase has also been 
obtained in partialh purified form from the pathogenic anaerobe C/os- 
tndium histolyticiim .l/icrococcus lysodeif ticus elaborates a protemase 
vhich is inacti\e and unstable in the absence of Ca-'*', and the addition 
of anions ^hich bind calcium (oxalate, pliosphate, citrate) abolishes 
the enzyme action A a aneta of aerobic bactena (e g , Bacillus 
pyocyaneus, Serralia marcescens) also elaborate extracellular protemases 
The liberation, into the culture medium, of protem-sphttmg enzymes 
permits an organism to use protems as sources of nitrogen for growth 
Gorim and Creaaer" haae shown that, when a protem (serum albumm) 
seraes as tlic sole nitrogen source for the growth of Bactenum megather- 
tum, Ca-'*‘ 15 essential for growth, this is apparently due to the metal 
actuation of the bacterial protemase In general, the more readila 

K Linder^trom-Lang and H Holler Z pAj/jtof Chem^ 204, 15 (1932) 

"5 E Maschmaiin Ergebn En’;;m/or«c5, 9, 155 (IMS) 

\a E % an HcNTiingen Bactenal Toztnf, Bhckwell Scientific Publications, 
Oxford 1950. 

■5 I Mandl et aU J Cbn Ini 32, 1323 (1953) R deBellL et aU A otun, 174, 
1191 (1954) 

Gonni and C Fromapeot Compt Tcnd^ 229, 559 (1949) 

"• L Gonni and M CrcMer, Btocitm et Biophps Acta, 7, 291 (1951) 
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Enzymic Hydrolysis of Amides Derived from 
Amino Acids 

From the previous discussion of the specificity of proteolytic enzymes, 
it IS clear that tlieso enzjmes are not limited in their action to peptide 
bonds betucen tuo ammo acid residues but can also hydrolyze amide 
bonds in mIucIi only one amino acid residue is involved Thus, trypsin 
splits benzoyl-L-argminamidc, leucine aminopeptidase hydrolyzes r- 
leucinamide, and caiboxj peptidase acts on benzoj I-L-tyrosmc For this 
reason it is impossible to establish a sharp line of demarcation between 
these enzvraes and the so-called “amidascs ” For example, the discovery 
by Schraicdebcrg in 1881 that extracts of animal tissues hydroljze 
hippunc acid to benzoic acid and glycine led to the introduction of the 
term "histozyme,” and later “hippuricase ” for the enzyme responsible 
for this cleavage Since hippuncasc has not been purified, and crude 
prejiarations also attack the N-bcnzo>l derivatives of various n-amino 
acids, it IS not possible to decide at present whether tins enzjme is 
identical with an intracellular carboxjpeptidase, and whether all the 
bcnzojlammo acids are hydroljzcd bj the same enzjme Similar 
uncertaintj applies to the enzymes responsible for the known metabolic 
cleavage of N-acetj lammo acids, and of N-formylamino acids AI- 
tliough the tissue enzjmcs (“acylases”) that hjdrolyze such acj lammo 
acids have not been purified extensively, they are known to be specific 
for the L-forms of tlicir substrates, and kidney acylase preparations have 
proved to be extremely valuable for the enzymic resolution of racemic 
amino acids 

Two ammo acid amides, however, appear to be substrates for specific 
enzjmes, distinct from the known peptidases These are L-asparagme 
and i-glutamine (p 62), which arc hydroljzcd by asparaginase and 
glutaminase, rcspectiv elj Asparaginase, w Inch acts optimally near pH 8, 
IS widely distributed in animal and plant tissues, and in microorgan- 
isms, the glutaminase of animal tissues has its optimum between pH 8 
and 9 In most animal species, the kidnej represents tiie richest store 
of glutaminase activ itj , w Inch is prcsumablj responsible for the formation 
of urinarj ammonia from blood glutamine (see Chapter 33) Glutamm- 
ases have been found not only in animal tissues but also in plant tissues 
and in microorganisms The possibilitj exists that one of the glu* 
taminnscs maj be identical witli an enzyme, found in animal tissues, 
which hjdroljzeb tlic tripcptide glutathione (p 13G) to L-glutamic acid 

'"’K Bloch and D Rittenborg, 7 Btol Chem, 169, 407 (1947), B C VUaler, 
/ Physiol, 130, 278 (1955) 

J P Grocnslcm. Adionces tn Prolan Chem , 9, 121 (1954) 

Meuter, Physiol lievs , 36, 103 (1956) 



CLEAVAGE AND SYNTHESIS OF PEPTIDE BONDS 


709 


Analytical Methods for Determination of Proteolysis 

A ^ 'irict\ of inal} tic'll procetlures arc iil'ibic for the determination 
of tlic extent of h\drol\MS of proteins and peptides b\ proteo^tic 
cnzMTies itli protein substrates, it is con\enient to add, at various 
time inter\ als, trichloroacetic icid to aliquots of the enzjme digest, this 
reagent precipitates the undigested protein and the larger peptide frag- 
ments, as uell as the enzjinc jirotem As the enzMiiic hjdrohsis 
proceeds, the proportion of material (nonprotcin nitrogen) soluble m the 
trichloroacetic acid solution increases If a protein substrate contains 
Urosine and traptojihan residues (eg, hemoglobin, casein, serum albu- 
min), the inert ISC m nonprotein material in the trichloroacetic acid 
filtrate ma\ be folloucd spcctrophotomctncallj b\ measurement of the 
optical donsit} at 2S0 ni/x (cf p 74),*^ alternati\cl>, use ma\ bcmidc 
of the rolin-Ciocaltcu pliosphomoKbdotungstic acid reagent, which gives 
a blue color with tvrosinc** 

The cnzvmic scission of peptide bonds m proteins and peptides roa> 
be followed bv one of several titnmetnc methods In the pH range 5 
to 7 the clcav ige of a peptide bond max be represented as 
RCO— XHR' + H.O -4 RCOO- + Il'KH3+ 

Mention was made on p 91 of the fonnol and alcohol methods for the 
alkalimctnc titration of the charged ammonium group of ammo acids 
and peptides , since the hvdrolv&is of a peptide bond leads to the appear- 
ance of cquiv ilcnt amounts of carbowlatc and ammonium ions, alkah- 
mctric titration give- a mca«urc of the extent of hvdroKsis Another 
method involves titration with standard hvdrochloric acid in aqueous 
acetone a-- the 'olvent and naphtlivl red a« the indicator, here the increase 
in cirhoxjlatc ion*' !•» determined dircctlv 

Other analvtica! procedure's for following protcolvsis arc the use of 
the nitron** acid intthod for the dettniiination of o-arnino groups (p 49), 
the colorimetric ninhvdrin method for ammo groups (p 51), and the 
gj'*oinotnt ninhvdrin method for a-nniiio acid« (p 51) In addition, 
the nppe irancc of new clnrgcd group*' (when pcjitido bonds art broken) 
li wb tti a volunu coiitr ictnm (elcctro'-triction) which mu he inea‘*urtd 
in n flilntoiiKtcr 

Uhen the action of a protcolvtic cnzvinc lead" to the cleavage of an 
amide ( — CO — XIU) bond, the ammonia liberated maj be determined 
liv the Conwav procedure (p 6.H 

*3X1 Kiimtj J Ctu Phytxol 10,291 (iai7) 

*‘M I \n«on J Giu Phyrr,,! 20,565 (1037) K 1\nIlrnfrI-» Ihachcrn 7 321, 
lsa<joxi) 

* h 1 mill p-tretn Uinj; 1111! C I- Jicolivn Vomvl Ttnd trai lab CnrlibrTO 

s.f ehim, 21 1 (1911) 
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content of the isolated matenal, the concentration of the benzojl-i,- 
tjrosylglycinamide that had been synthesized under the conditions of 
the enzyme experiment, this was found to be 32 X 10“^ M Thus 
appro\jmatel> 99 per cent of tlic initial benzoyl-L-tyrosme and of the 
total initial gljcinamide is in equilibrium with about 1 per cent of 
the synthetic product At pH 7 9 approximately half of the glycinaraide 
IS present m the form of the conjugate base ipK' •=' 7 93) , hence the 
total concentration of charged and uncharged gljcinaraide is tivice that 
of the protonated form shown in the equation Since the pIC of benzoyl- 
L-tyrosinc is near pH 3, this compound is predominantly in the carbox- 
ylate form On the assumption that the activity coefficients of the com- 
ponents in the aboie reaction arc all equal to unity, the equilibrium 
constant for the condensation is 

,, [BTGAKH 2 OI 0 00032 XI ^ 

^ ” [BT’][GA+] 0 025 X 0 025 “ ^ 

From this equilibrium constant one may calculate that <iF® 2 fi 8 " —1365 
logo SI — -l-0 4kcal fcf p 232) Hence the hydrolysis of the substrate 
has a AF ®208 of —04 kcal It may be added that calorimetric measure- 
ment of the heat of hydrolysis of bcnzoyl-L-tyrosylglycinamidc by chymo- 
try'psm at pH 7 9 ga^e a value of AH 398 - —1 55 kcal Similarly, m 
the partial hydrolysis of polymeric lysine peptides by trypsin (cf p 
690), AHjflg — —1 25 kcal per mole per bond hydrolyzed 
The abo\e data apply to the energy changes in the hydrolysis or 
synthesis of peptide bonds not adjacent to a-NH 3 + or o-COO” groups, 
such bonds correspond to the interior peptide linkages of proteins "When 
a CO — NH bond links two ammo acids m a dipcptide (eg, t-alanyl- 
glycine), the hxdrolytic reaction near pH 7 may be written 
CH3 

+NH 3 CHCO— NHCHaCOO- + H 2 O 

CHa 

+NH3iHCOO- + +NH3 CHsC00- 
Jlost of tlie thermod, nimic values for the hydrolysis of dipeptides hats 
been obtained by calculation of from data on the enthalpy aa<i 
entropy of the products and reactants®' (cf p 236) , in this manner, the 
frec-energy change in the hydrolysis of alanylgly cine at pH 7 (“li 
reactants at unit actnity ) has been calculated to be about —4 heal per 
mole The difference bctuceii this \aluc (and similar values for the 
hydrolysis of other dipeptides) and that for the hydrolysis of interior 
peptide bonds la a consequence of the fact that the pK' of the ammonium 

®'H M HuSman, ; /'hyjiciii CAcot , 46, 8S5 aW2) 



CLEAVAGE AND SYNTHESIS OF PEPTIDE BONDS 


711 


and L-cjstcmylglycine, in this reaction the peptide bond invohing the 
y-carboxjl group of the glutamic acid residue is broken 
It may be added that a \ariety of amides uhich do not contain amino 
acid residues are also subject to enzjmic hydrolysis in biological systems 
Thus extracts of the jeast Tontla uttlis hjdrolyze acetamide, propion- 
amide, and lactic acid amide, while extracts of animal tissues hjdroljze 
amides of aromatic acids (benzoic acid, p-nitrobenzoic acid) and acetjl 
dernatives of aromatic amines (aniline) 

Among the bacterial amidases sliould be included penicillinase, which 
catalyzes the hydroljsis of penicillin at the CO — NH linkage of the 
4-merabered ^-lactam ring (cf p 60) to form a pemcilloic acid The 
formation of penicillinase bj bacteria requires the presence, in the culture 
medium, of an inducer (p 746) 


Eniyinic Synthesis of Peptide Bonds®® 

In the hydroljtic action of all the proteol>tic cnzjmcs examined thus 
far, the clca\agc of the scnsiti\e bonds is nearly complete (ca 99 per 
cent) when the reactions proceed m a homogeneous medium For 
example, an estimate has been made of the equilibrium constant for the 
hjdroljsis of ben 2 ojI-L-tjro«!>lgIjcinamide bj crystalline chjmotrjpsin 
at pH 7 9 and 25* C by incubating benzoj l-t*tj rosine (0 025 M ) , m the 
presence of the enzyme, with glycinamide (005 il/) that had been labeled 
with in the gljcmc nitrogen (N*5H2CH2CO — NH^) After a 

CH2C6H4OH 

CeHsCO— NHCHCO— NHCHsCO— NHz + H 2 O ^ 

Denzoyl L-tyrosylelycinaimde 
(UTGA) 

CH2C6H4OH 

CsHsCO— NHCHCOO- + +NH 3 CH 2 CO— NH^ 

Beaio} 1 l/•tyro3lIle Glj cmamide 

(OT-) (OA+) 

suitable time, the chjmotrypsm was mactnated, and a known amount 
of unlabelcd bcnzoyl-L-tyrosjlgljcinamide was added as a carrier 
This substance was then reisolatcd in analyticalh pure form, and 
recrjstallizcd to constant concentration By means of the equation 
for Isotope dilution (p 127), it was po^aible to calculate, from the 

*0 11 Borsook, Adianccs tn rro/ein CAem, 8, 127 (1953), J S Frulon, Jlariey 
Lectures, 51, &1 (1957), in D Ruclmck Aspects of Synthesis and Order m Gronth, 
Princeton Unncr«itj Prc'is Princelon, 1954 
ooj S I niton ct al , J Biol Chem 190 , 39 (1951) , A Dobrj eta] ibid 195 
119 (I9o2) 
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earher for the catalysis of the hydrolytic process also apply to the syn- 
thetic process In particular, tlie stereochemical specificity is the same, 
and this has been used for the enzjmic resolution of racemic ammo acids, 
an example is the resolution of DL-methionine b> means of papain®® 
The demonstration that proteinases can effect the synthesis of peptide 
bonds b> condensation reactions in which these enzymes exhibit speci- 
ficitj of action is important in considering the enzymic mechanisms 
^^he^ebJ peptide chains of proteins arc made m living cells Although the 
extent of such synthesis is negligible in homogeneous systems in vitro, it 
IS obvious that, with living matter, one is dealing not with an m\ariant 
set of components in a homogeneous system but with a polyphasic system 
m a highlj dynamic state As will be seen from the discussion in the 
succeeding ch ipter, in animals there is an extremely rapid exchange of 
nitrogen between the tissue proteins and the “metabolic pool” of non- 
protein nitrogen compounds The possibility cannot be excluded, there- 
fore, that proteinases maj effect peptide synthesis by condensation 
leactions coupled to the removal of the synthetic products from the 
equilibrium mixture by thoir relative insolubility , by their participation 
in other chemical reactions, or by their entrance into the circulating 
fluids of the organism However, it has not been possible as yet to 
demonstrate the occurrence of such coupled reactions m biological sys- 
tems, and it IS not known whether proteinases effect the intracellular 
condensation of peptide units with the elimination of the elements of 
water If such condensation reactions do occur in vivo, it is likely that 
they are more important in the formation of interior CO — bonds of 
peptide chains than in the synthesis of terminal peptide bonds (adjacent 
to free a-NHa^ or «-COO“ groups) or of CO — NH 2 bonds, since more 
woik must be done to “pull” such syntheses by removal of the product 
(tf p 239) As will be seen liter in this chapter, several endergonic 
syntheses of peptides and amides arc known to be driven by coupling to 
the enzymic cleavage of ATP 

Catalysis of Transamidation Reactions by Proteolytic Enzymes Like 
other “hydrolases,” proteolytic enzymes catalyze not only the hydrolysis 
of CO — NH bonds and the reversal of such hydrolysis, but also replace- 
ment reactions (cf p 273) 

RCO— NHR' + NHoX RCO— NHX + NHgR' 

In the equation shown the first of the two reactants is a typical substrate 
for a proteinase, and the second is a replacement agent Such reactions 
may be termed transamidation or transpeptidation reactions and are 
strictly analogous to the processes by which one component of a gly 

08 C A Dekker and J S Frulon J Btol Chem 173, 471 (1918) 
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group in nmino ncids is much higher than that for the ninmonmm group 
of ammo acid amides and peptides (eg, ghcinc, p/C.' = 90, gl>cin- 
amidc, pA'= 7 93, L-ahnjlgljcinc, p/C2' = 8 2), as fir'jt suggested by 
Linder&trpm-Lang 

Thc hjdrolj^js of CO — bonds (as m bcnzojJ-i-tvrosinamidc) 
raaj be accompanied bj A/' (pll 7) aalucs of the order of magni- 
tude as those for the lijdroljsis of dipcptides Since tiic equilibria are 
so far in the direction of hjdroljsis reliable data for aF' are not aaail- 
able from measurements of the equilibrium constant, howcaer, calorimet- 
ric determinations of the cnthalpj change in the cnz\ mc-catalj zed 
hadrol\MS of sucli amulc bonds haae gnen a allies for A/Zojjs ucar 
— G kcal per molc^"* (cf p 378) 

Enzymic Synthesis of Peptide Bonds by Condensation Reactions 
From the data cited abo\c it is clear that tlic sjnthesis of CO — NH 
bonds is an cndtrgonic process, and that ncgligihlj small amounts of the 
condens ition product arc present at equilibrium m a homogeneous sjstcm 
In order to incicase the amount of sjnthctic product formed m a con- 
densation reaction, it is ncccs'>arj'’ to coujile the cndergonic peptide 
sjnthesis to a process that proaidcs cncrg> to the sjstcm The simplest 
knoun example of sucli a coupled reaction is the experiment in 'a Inch 
the react mts arc «o chosen that the sxnthctic product lias a solubihtj 
lo\^c^ than its cquihhnum concentration For example, if, m the chjmo- 
trxpfem-catal>2ul sjnthcsis mentioned abo\e, gljcmamidc is replaced 
bj gljcimmlido, benzojI-L-t}ros}Igl}cinani]ide crjstalhzcs from the 
solution, and, under conditions nhere about 1 per cent of the correspond- 
ing amide IS formed, the 5 icid of the anilide maj be 65 per cent It is 
reasonable to assume that the frcc-encrg> cliangcs for the sjntliesis of 
the amulc and the amlide, in homogeneous solution, arc similar, the 
cnerg>-jielding process that dnxes the sxnthesis of the amlide is the 
remoa al of the product from solution, because, unlike the amide, bcnzojl- 
L-tjrosjlgljcinamlidc has a solubility lower than the theoretical equilib- 
rium concentration Similar protcinasc-catalj zed sxntliesis of amide 
and peptide bonds, in which the product is sparingly soluble, has been 
shown with intracellular protemascs such as papain, fiem, and cathep- 
sin C®® 

Since the function of the proteinase is to catalyze the attainment of 
cqui/ibrium, it is not surprising that the specificity requirements found 

*>2K Linderstr 0 m-I ang Lane Medical Lectures Proteins and Enzyma, Sianfotd 
Unnersit) Prc&s Stanford, 1952 

O'^J M Sturtc\ant, J Am Chem Soc, 7S, 2016 (19o3), W Forrest et al 
tbid 78, 1349 (105G) 

M Bergmann and J S Fruton J Biol Chem, 124, 321 (1938) 

c-'M Bergmann and J S Iruton, ^nn N Y Acad Sci, 45, 409 (1944) 
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of L-Ieucylgljcine m the papain-cataljzcd reaction, and the extent of 
hydroljsis is much greater tlian the transamidation to form the carbo- 
benzoxj tnpeptidc Such results show that, m transamidation reactions, 
tlic protcinases exhibit specificity toward the replacement agent as ^ell 
ns toward the substrate containing the sensitive CO — NH bond A 
further indication of enzymic specificity toward replacement agents is 
the fact that m the catalj sis of a given transamidation reaction (e g , the 
reaction of benzoyl-L-argininamidc with NHoOH) papain is a more 
effeetne catalyst than is tripsin In general, the intracellular protein- 
ases appear to be excellent catalysts of replacement reactions, and 
several instances are known m which the extent of transamidation far 
exceeds that of hydrolysis, despite the v'astly greater molar concentration 
of water'®® It has been suggested therefore that, at physiological pH 
values, a major phy'SiologiCdl role of the intracellular protcinases may be 
to catalyze transamidation reactions 
The energy change in a transamidation reaction may be estimated in 
a manner similar to that described on p 375 for transphosphorydation 
reactions An example is the follow'ing reaction, catalyzed by chyTno- 
trypsin 

Benzoyl-L-tyrosinamidc + +g!ycinamide si 

Benzoyl-t-tyrosylgJycinaroide + NH 4 + 

If the frce-cncrgy change in the hydrolysis of the amide bond in benzoyl* 
L-tyrosinamide is designated aF'j and the free*energy change in the 
hydrolysis of the peptide bond in bcnzoyl-L-tyrosylglycinamide is de- 
noted as then the AP for the replacement reaction will be given 
by the difference between C^F\ and Af'j A value for aF'j is not avail- 
able, but calorimetric measurements have given a Affgps of —58 kcal 
per mole for the hydrolysis of benzoyl-L-tyrosinamide Since the 
enthalpy change in the liydrolysis of benzoyi-i. 4 yrosylglycmainide is 
— 15 kcal (p 712), the over-all enthalpy change m the replacement 
reaction is — 4 3 kcal per mole If it is assumed that the entropy changes 
in the two hy'drolytic reactions arc of a similar order of magnitude, the 
transamidation reaction is seen to be excrgonio 
Examination of tlic above replacement reaction shows it to be aa 
enzyme-catalyzed transamidation in which a small group (ammonia) 1 = 
replaced by a larger group (glycinamidc), thus effecting the elongation 
of the peptide cliain Another model reaction in which the lengthening 
of a peptide chain is catalyzed by a proteinase is the cxcrgonic comer- 

Y P Dowmoot anti J S Jruton J Biol Chem, 197» 271 (1952), M J 
anti J S Fruton, thid 226, IGS (1957) 

“J DurcII and J S Pnilon, J Biol Chem., 207, 487 (1954) 

'“>M E Jones ct nl, J Biol Chem, 19S. <HJ (1932) 
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cosidjc or ester Iink'xgc is rcphcetl bj another closelj rehtcd substance 
m a transgljcosidation or tran«csterificAtion reaction Transamidation 
reactions ha\c been demonstrated with several of the knoun protcinascs^^ 
(clijmotrypsm, trjpsin, papain, ficm, cathepsm B, cathcpsin C), and it 
has been shown that the spccificitj of cich enzvine toward the reactant 
having the CO — Nil group is the same for replacement as for hjdroljsis 
It has been concluded that in both tjpes of reaction the ‘'inic ictivatcd 
enzjinc-substratc complex is formed, and that the replacement agent 
competes with water for this reactive intermediate The po'-sibihtj 
exists that a common intermediate m hvdrohsis and transamidation is 
an “acjl-cnzjmc” in which the reactive carbonjl group of the substrate 
is linked to the cataUtic center of the proteinase (cf p 282) 
RCO-NHR' + EnzH ^ RCO-Enz + NH^R' 

RCO— Enz + NHjN ^ RCO-NHX + EnzH 
RCO-Enz + H2O ^ RCOOH + EnzH 

From the cfTcct of pH on the relative extent of lijdrohsis and replace- 
ment b> proteinascs such ns papain or cathcpsin C, it nppeirs that the 
replacement agent (NHoX) reacts in the unprotonated form For exam- 
ple, h>droxjlaminc (p/x' — 6 0) docs not react extcnsivoh at pll 6, but 
at pH values more alkaline than 6 the transamidation reaction jiclding 
a hjdroxamic acid is readily demonstrable Furthermore, dipcptides 

RCO— NHo + NH2OH ^ RCO— NHOH + NH3 

such as L-leuc>lgl}cmc {p/vV ** ca 80) arc more efTcctive replacement 
agents at pH values near 7 5 than arc free ammo acids ipK^' = ca 9 0) 
Thus the rate of a replacement reaction is a function of the concentration 
of the unprotonated amine serving as replacement agent, and it depends 
both on the p7v' of the corresponding acid and on the pH of the solution 
It must be added, however, that pH is not the only determining factor 
in the effectiveness of a replacement agent m competing with water for 
reaction with the cnzjrac-substrate complex, since two amines having 
the same pK' values, but of unlike chemical structure, may differ greatlj 
in reactivity For example, at pH 75, papain catvljzes the reaction of 
0 05 M carbobenzox>gl>cinamide witli 005 M L-leuc>Igljcine, and the 
extent of replacement to form carbobenzoxj glj cj l-t-Ieucj Iglj cmc exceeds 
the extent of hydrolysis to carbobenzoxj glycine On the other hand, 
005 M glycjlgljcine or D-leucjlgl>cine, wliose pl\.2' values are also 
near 8 0, are much less effective as replacement agents if used instead 

07 R B Johnston et al J Biol Chem 185, 620 187, 205 (1950) S G Walev 
and J \\atson Btochem J , 57, 529 (1954), K Bhu and S G Walej, ibid , 57 
">38 (1954) ’ 
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residues linked bj y-peptide bonds (p 138) Williams and Thornc^®^ 
ha\c sliown that at pH 9 the B subtihs enzjme forms y-glutamyl pep- 
tidcfa from glutamine, thus suggesting that the capsular pol> peptide is 
formed from glutamine by successive transamidation reactions The 
partiallj purified enzjme preparations that cataljzc replacement reac- 
tions 'Mth glutamine as the substrate also hydroljzc the amide, and the 
po'isibihty exists that transamidation and hjdroljsis are catalyzed bj 
tlie same enzjme, as with the proteinases 
Animal tissues (eg , sheep kidney) contain a similar enzyme s>gtem 
that catalyzes the reaction of y-glutamyl peptides such as y-x.-glutam>l- 
giyeme with dipcptidcs such as L-cystcinylgljcinc to form glutathione 
fy-L-glutaraj 1 - 1 -cyst einylglycinc) 

y-L-Glutamylglycmo + L-cyfetcmylglycinc Glutathione + glycine 
Glutathione is knowm to participate in other transamidation reactions 
catalyzed by enzymes present in animal tissues For example, the 
tnpeptido reacts witli L-phcn> lalaninc at pH \alucs near 8 to form 
y-glutamylplicny!alanmc and cystcinylglycinc, at pH 6, the hydrolysis 
of glutathione predominates <cf p 710) It has been suggested that in 
the \anous transamidation reactions of glutamine, of y-glutamyl pep- 
tides, and of glutathione, a “y-glutamyl-enzjmc” is formed and reacts 
either witli a replacement agent or with w'atcr Like glutamine, aspara- 
gine can undergo tr insamidation reactions m the presence of bacterial 
enzyme preparations, and it is probable that a “^-aspartyl-cnzy’me” is 
an intermediate in ^-uch reactions 

In addition to the abo\c enzyme systems that catalyze tran'=amidation 
reaction* of glutimmc, preparations haxe been obtained from animal 
tissues { brain, and from plants*®^ that catalyze the reaction of 

glutamine with NH^OH in the presence of j\In2+ {or Mg®"^) and of trace 
amounts of ADP and pliosphatc This enzymic acti\ity appears to be 
closely related to the ability of these preparations to catalyze the syn- 
thesis of glutamine from glutamic acid and ammonia m the presence of 

ATP (cf p 721) Although the formation of an intermediate y-glutamyl- 

enzyme is a po=sibiIity, the role of ADP and of phosphate in the trans- 
amidation reaction remains to be elucidated 
Role of ATP in the Enzymic Synihests of CO— NH Bonds The earner 
discussion of the oxidative degradation of carbohydrates has shown that 

J Ilhams and C B Diornt,/ Bwl Chem 210 , 203 , 211 , 63U19>0. 
212, 427 (1055) 

JOip J Fodorttal,/ Uiol CAcm, 203, 091 (1953) 

10- C 5 IliDci ct nl Nature, 166, 288 <1950) , Biochcm 3 . 51. 25 (1952) , F J It 
Ilird and P IT Sprinurll Biockim et BiKrphyt Acta, 15, 31 (1951) 

JO'' A Lajtha ct al , 7 Biol Chem , 205, 553 (1953) 

WP K Stumpf et a], Arch Btoehem end Biophys^ 30, 125, 33, 333 (1951) 
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Sion of I-alnn^l•L-phcn^lftl^lnln‘lmlde (L-alft-L-phoam) at pH 7 5 to a 
hexapeptide amide, as shown in the accoinpanjing scheme In this 
reaction, cataljzed bj catlicpsm C, the acti\atcd dipeptide unit domed 
from L-ala-i-pheam first reacts with another molecule of the dipeptide 

CH3 CH2C6H^ Cllg CHsCgHs 

NHjCIICO — NHCHCO — NHj + NHjCHCO — NHCHCO— NHj 

t.-ala-L-phram I L-ab-L-pheam 

j^NIIa 

CH3 CHsCfiHs Cllg CHjCgHs 

NH2CHCO — NHCHCO— NHCHCO— NHCHCO— NH2 

L -ala- L -pheam — I 

|-Nlla 

CH3 CHaCgHj CHj CHjCell^ CHj CHgCgHg 

NH2CHCO--NHCHCO - NtICHCO- NUCHCO — NHCnCO -NHCHCO - NH2 

amide to form an intermediate tctrapcptidc amide, which tlicn scr\cs 
as tlic replacement agent in a second step leading to t)ic licxapoptidc 
amide This Upe of polj monzation 1ms been demonstrated with other 
dipeptide amides that arc substrates for c.athepsin C, and is analogous 
to the reaction catalyzed bj crystalline muscle pho«*phorylasc (cf p 442) 
or by polynucleotide phosphor>lasc (cf Chapter 35) 

Although these findings indicate the abilitj of proteinases to cataljzc 
the elongation of peptide chains in a specific manner under physiological 
conditions, it must be emphasized that, in the catalysis of replacement 
reactions, a proteinase acts at a preformed CO — NH bond If a biological 
system is pro\ided only with free ammo acids from which it must make 
its proteins, some CO — NH bonds must bo formed de novo in endergonic 
reactions coupled with energy-yielding proces‘>es before the elongation 
of peptide chains by transpeptidation can occur 

Other Enzymic Transamidalion Reactions It was noted prcMOusly 
that glutamine is hydrolyzed to glutamic acid and ammonia by enzymes 
present m a \ariety of biological systems AVaelscld"- and others ha\e 
shown the existence of bacterial enzymes that catalyze the reaction of 
glutamine with hydroxy lamme to form y-glutamylhydro\amic acid Of 
special interest is the transamidation reaction of glutamine, catalyzed 
by an enzyme preparation from Bacillus subtilis, this organism, like the 
anthrax bacillus, produces a capsular poly peptide composed of n-glutamy 1 

J S Fruton et al J hiol CAem, 204, 891 (1953) 

102 H Waelsch, Advances tn Enzymol, 13, K7 (1952) 
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the “actnation” of fatty acids {cf p 595) , this is an endcrgonic process, 
and IS coupled to the cleavage of ATP to AMP and pjrophosphate 
Evidence has been presented for the view that in the “activation” of 
acetate, an acetyl-Ai^IP (p 484) is formed, and is bound to the enzjmc 

RCOO“ 4- ATP + Enz RCO-AMP-Enz -f pyrophosphate 

It will be noted that the postulated reaction is reversible, therefore, if 
radioactive (P'’^) pjrophosphate is added to a mixture containing a 
suitable cnzjme preparation, the acid, and ATP, the isotope should 
appeal in the ATP (cf p 282) Such an effect has been demonstrated 
not only witli acetate as RCOO“, but also with a variety of L'amino 
acids,”® and it has been suggested that o-ammoacj 1-AMP compounds 
are the activated forms of ammo acids in the biosynthesis of proteins 
It appears tliat crude cnzjme preparations from rat hver contain a 
group of cataljsts which differ in their specificity tow'ard individual 
L-aramo acids Thus, a liver fraction was obtained that cstaljzes 
pvrophosphatc exchange only in the presence of L-mcthionine An cnzjTne 
preparation with a similar specificitj tow’ard L-methioninc has been 
obtained from yeast Furthermore, a highlj purified enzyme prepara- 
tion from beef pancreas “activates” t-tryptoplian and, to a much lesser 
extent, L-tjrosine and L-phcnjdalaninc 
The formation of peptide bonds by the reaction of activated amino 
acids w ith other ammo acids has not yet been demonstrated unequiv ocallj 
m the enzjme sj stems discussed above, however, in the presence of high 
concentrations of hjdroxjUmine, hydroxamic acids are produced, and 
the pjrophosphate exchange is inhibited Although these findings are 
consistent with the formation of a-aminoacyl-AMP compounds as inter- 
mediates, It mu'-t be added that such compounds have not been identified 
in incubation mixtures Sjnthctie materials, obtained by the chemical 
interaction of L-ammo acid chlondcs or anlijdridcs with AMP, 
readilj w ith hj’droxj laraine, and arc cffcctiv c acylating agents in reactions 
with ammo groups of proteins An cnzjme preparation obtained from 
Eschenchta coh cataljzcs the reaction of sjnthctic l-IcucjI-AMP with 
hjdroxjlamine”’ feuch sjnthctic materials also promote pjrophosphate 
exchange in the presence of the cnzjme preparations, ATP, and labeled 
pyrophosphate 

It IS of interest that the biosynthesis of pantothenic acid (Chapter 39) 
from pantoic acid and /?-alaninc (in Eschenckta coh) appears to resemble 

noM n IIoiKlaoil ct d, / Btol Chem, 218, 315 (1956), J A doMoss and 
G D Xo\c!li, Bioc/upi et Bwphj/f Acta, 22f 49 (1950) 

Borg J Biol CAem, 222, 1025 (1050,233,601 (1958) 

W Davie etal,ArcA Btochem and Bioph^s . 65, 21 (1956) 

A deMoss ct al , Proc Natl Aead Sa, 42,525 (1956) 
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much of the cncrgj hbcr'itcd m this process is made a^allablc for a 
^arlcty of endorgonic processes bj the synthesis of the pjropliosphate 
bonds of ATP, and tlic participation of ATP m an e\crgomc transphos- 
phor\ lation reaction Lipmann*®’ was among the first to suggest that the 
bios\nthesis of CO — ^NH bonds is coupled to the clcaaagc of pyrophos- 
phate bonds of ATP Tlic experimental examination of this proposal has 
largoh ln^ol\cd the studj of the sjnthcsis of certain amides or of 
glutatliionc in the presence of slices, homogenates, or crude extracts of 
animal tissues Thus In cr slices form hippunc icid (or /i-aminohippuric 
acid) from benzoic acid (or p-aminobenzoic acid) and gljcine, m the 
intact animal, the Incr is the site of this “detoxication” reaction, and 
the product is excreted in the unne Other examples of the biosynthesis 
of amides in\olMng aromatic acids arc the formation and urinary excre- 
tion of dibenzoyl-L-ornithine b> birds and of phcnylacctjl-L-gliitaminc 
in man and the chimpanzee, when benzoic acid or phcnylncetic acid is 
administered in the diet of tlic appropriate species 


C0H5CO-NHCH3 

(CH2)3 

CcHsCO-NHCHCOOH 

Dib«nto>l L-oroithioo 


CO— NH2 
(CH2)2 

CcHsCHzCO-NHiHCOOH 

nicnjUrct}! uelutamine 


Another model system employ cil is the acetylation of aromatic amines 
(c g , sulfanilamide) by acetic acid in the presence of pigeon Incr homog- 
enates As noted earlier (p 482), studies on this system led to the 
discoNcry of coenzyme A, and to the demonstration that the formation 
of the acetylating agent (acctyl-CoA) is coupled to the cicaiage of ATP 
The acetylation of an amine then occurs as follows 


CH 3 CO-C 0 A + NHsU ^ CH 3 CO— NHR 4 - CoA 


A similar mechanism is inioUcd in the formation of hippunc acid by 
li\er and kidney preparations, benzoyl-Co\. is formed from benzoate 
and coenzyme A in the presence of ATP, and reacts uith glycine m an 
enzyme-catalyzed reaction that appears to be specific for this ammo 
acid Moreo\er, the formation of phenylacetylglutamme by human 
tissues m\oIves the con\crsion of phenylacctic acid to a CoA derivative, 
which reacts with glutamine'®^ 

In these reactions, the carbonyl group of acetic acid or of benzoic acid 
is made reactne by con\ersion of the free acid into a thiol ester, as m 


108 F Lipmann Federatton Proc, 8, 597 (1949) 

Schachter and J V Taggart, J Biol Chem , 203 , 925 (1953), 208, 263 
(1954), K Moldave and A Meister, Bioehxm el Biophys Ada, 24, 654, 25, 434 
(1957) 
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formation, little can bo ^aid at present concerning the nature of the 
reactions m this process From the preceding discussion in this chapter, 
it will be clear that both condensation reactions (leading to peptide bond 
formation) and transpeptidation reactions are possible Obviously, 
the appearance of a precipitate is, in itself, an unsatisfactory indication 
of the enzymic synthesis of peptide bonds This was emphasized by 
Strain and Lmderstrdra-Lang,*-^ who showed that the oxidatne formation 
of disulfide bridges between cjstcmc-containing peptides, present in a 
partial hydrolysate of fibrin, also leads to the formation of an insoluble 
precipitate Although many investigators”® considered plastein formation 
to simulate protein synthesis and behe\ed that there occurred a reversal 
of tho hydrolytic action of a protemase, later studies showed that the 
a\ erage molecular w eight of the plastcms w as relativ ely low (ca 1000) 

F Hauro-nitz and J Horowil*. / Am Chem Soc, 3138 (1955) 

1-2 H H Strain and IC Ltaderslr^m-Lang Emyrnoiogia, 5, Sb (1938) 

123 A I \irtaaenaQd H K Kerkkonen, A cia Chem Scand, 1, 140 (1947) 
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the rc'ictions described 'ibo\c has gho^n that tlic reaction of 

pantoic acid ^Mtll ATP gi\cs a panto>I-AMP compound, ^liicli reacts 
\\itli /?-ahnino to form pantothenic acid 

The cnzjmic sjnthcsis of glutamine and of glutatiiionc also is coupled 
to the clea\age of ATP, but, in contrast to tlic reactions discussed abo^c, 
the nucleotide is clca\cd to ADP and phosphate Thus, in the formation 
of L-glutamino from L-glutainic acid and ammonia bj enzjnic jircpara- 
tions from pigeon Incr, sheep brain, and gretn peas,”" the reaction is 

Glutamic acid + NHt + ATP ;:± Glutamine + ADP + phosphate 

The studies of Blocli and his associates.'** ha\e shown that the enz>mic 
s} nthesis of glutathione bj preparations from pigeon hi or and from j cast 
m\ol\cs two siicccisnc reactions, in each of whicii ATP is clca\ed to 
ADP and phosphate 
Glutamic acid -f cysteine 4- ATP 

y-Glulamjlc>stcinc + ADP + phosphate 

y-Glutam>lcjstcine + gljcinc + ATP 

Glutathione + ADP 4* phosphate 

rhe cnzjmic mechanisms m the bios\ntUcsis of glutamine and of 
glutathione ba\c not been elucidated, but phosphor> lated enzymes appear 
to bo formed ns intorincdiates 

The metabolic turno\cr of glutathione m animal tissues and m >cast 
IS c\tromel> rapid, and it has been suggested that this widclj dis- 
tributed tripeptide raa> pla> a role in the bios> nthesis of proteins 


Plasfein Formation 

When a concentrated peptic digest of a protein is incubated with pep- 
sin at pH 4, an insoluble precipitate, termed "plastein,” is formed 
Similar insoluble products ha\e been obtained from concentrated peptic 
digests bj treatment with papain or chjmotrjpsin In mow of the 
complexity of the mixture of peptides that ser\e as reactants in plastem 

11* yV K Federation Proc 15, 305 (1956) 

115 yV H Elliott J Biol Chem 201, 661 (1953) 

'1^3 E Sno\e and li Blocli J Biol Chem 199, 407 (19o2) 213, 825 (1955), 
S Maadeles and K Bloch tbid , 214,639 (1955) 

117 A KowaIsk> et al J Biol Chem 319, 719 (19o6) 

118H yyaelsch and D Rittenberg J Btol Chem 144, 53 (1942), F Turba et al , 
Btochem Z , 327, 410 (1956) 

11® H yyastenejs and H Borsook Physiol Revs 10, 110 (1930) 

120H B Collier, Can J Research, 18B, 253 272, 305 (1910) H Tauber J Am 
Chem Soc, 73, 1288 (1951) 
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formation, little can be said at present concerning the nature of the 
reactions m this process From the preceding discussion m this chapter, 
it will be clear that both condensation reactions {leading to peptide bond 
formation) and transpeptidation reactions are possible Ob\iouslj, 
the appearance of a precipitate is, in itself, an unsatisfactory indication 
of the enzjmic sjnthesis of peptide bonds This was emphasized b\ 
Strain and Linderstrpm-Lang,’®^ who showed that the oxidative formation 
of disulfide bridges between cjfatcine-contammg peptides, present in a 
partial hjdrohsate of fibrin, also leads to the foimation of an insoluble 
precipitate Altliough many inv cstigators'*® considered plastein formation 
to simulate protein sjnthesis and believed tliat there occurred a reversal 
of the hydrolytic action of a proteinase, Inter studies showed that the 
average molecular weight of the plastems was relativelj low {ca 1000) 

Haurowitz and J Horonitz, J Am Chem Soc 77, 313S (1955) 

^22 H H Strain and K Lindcr»tr 0 na-Lang, Enzymologia, 5, S 6 (193S) 
i .‘3 A. I Virtanen and H K Kerkkooen, Acta Chem Stand , 1, 140 (1947) 
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Mefabolic Breakdown 
and 

Synthesis of Proteins 


Although the nature of the intracellular enzxmc-catalyzed reactions 
in\ohcd in the intercom crsion of proteins and ammo acids is obscure, 
tliere has been accumulated a considerable bodj of data about the o\er'- 
all process of protein metabolism m a uidc aarict> of biological forms 
Since most of the a%aihblc information relates to the breakdown and 
synthesis of proteins in higher animals, this aspect of the subject will be 
discu«ed first, consideration will then be gi\cn to tlic problem of protein 
metabolism in plants and in microorganisms 

Nitrogen Equilibrium 

The o\er-nll metabolism of nitrogen compounds m nongrowing animals 
maj be studied comcmentl> bj relating the amount of nitrogen e\crcted 
to the nitrogen content of the diet The expired air and perspiration 
contain onlj a <!mall fraction of the total excretory nitrogen, and one 
maj assume tliat the urine and feces contain nearlj all of the nitrogen 
compounds derued from the metabolism of proteins and excreted b> 
the organism When an animal is maintained under conditions such 
that the total nitrogen content of the urme and feces equals the amount 
of dietary nitrogen, the animal is said to be m “nitrogen balance” or 
“nitrogen equilibrium If the excretory nitrogen is greater than the 
dietary nitrogen, the animal is in “negative nitrogen balance”, if the 
excretory nitrogen is less, the animal is in “positive nitrogen balance” 
Thus, in negative nitrogen balance there is a loss of a quantity of tissue 
nitrogen which is not replaced by dietary nitrogen, in man this condition 
IS observed as a consequence of fevers, of wasting diseases, or of inade- 
quate dietary protein An animal in positive nitrogen balance retains 
in its tissues a greater quantity of dietary nitrogen than it excretes, this 
1 J B Alli«on Fcderalion Ptoc , 10, 676 (1951) 
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IS observed in growing animals where the amount of tissue protein is 
contimially augmented b> the synthesis of new protein and in physio- 
logical states which require additional protein synthesis (eg, the syn- 
thesis of milk proteins m lactation) 

To maintain an adult animal m a state of nitrogen equilibrium, it is 
clcarlj essential to provide m the diet a quantity of nitrogen adequate 
for the metabolic needs of the organism Since the dietary nitrogen of 
animals is largelj in the form of protein, the minimal quantity of dietary 
nitrogen required for the maintenance of nitrogen equilibrium in a normal 
adult animal may be termed the "protein minimum " For man this 
quantity IS approximately I gram of protein per kilogram of bod> weight 
per daj, if tlie diet contains enough carbon compounds (carboh}dratcs 
and fats) to meet tlie energy needs ("caloric requirement," Chapter 37) 
of the organism 


Indispensable Amino Acids 

The quantitj of protein considered to be minimal cannot be taken to 
applj to all proteins regardless of their ammo acid composition As has 
been indicated before (p 54), certain ammo acids are indispensable 
components of the diet of higher animals Rose- has shown that for 
the maintenance of nitrogen equilibrium in adult men the following 
ammo acids must be supplied m the diet 


l-Lv sine 
L.Trvptophan 
L-Phen} lalanine 
L-Threonine 
L- Valine 
L-MethioniDC 
i>-Lcucine 
L-Isolcucjne 


ca 0 8 gnm per day 
ca 0 25 gram per day 
ca I 1 gnms per daj 
ca 0 5 gram per day 
ca 0 8 gram per daj 
ca 1 1 grams per da> 
ca 1 I grams per daj 
ca 0 7 gram per da> 


The values on tlic right represent the minimal amount of each indis- 
pensable amino acid tliat will maintain nitrogen equilibrium in a human 
subject receiving a dictarj supply of nitrogen and carbon compounds 
sufficient to permit the synthesis of all the dispensable ammo acids The 
fact that these ammo acids are indispensable for the maintenance of 
nitrogen equilibrium in man was demonstrated by feeding, to adult males, 
mixtures of pure ammo acids If one of the eight ammo acids listed 
above was omitted from the experimental diet, the subject went into 
negative nitrogen balance (Fig 1), nitrogen equilibrium was restored 
when the complete ammo acid mixture was fed once again 


2\\ C rio«*r Fcdcrctlton Proc , 0, MC (1919). W C Rose et al , / Biol Chetn 
217, 5)S7 (1953) / » , v. 
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Metabolic Breakdown 
and 

Synthesis of Proteins 


AlthouRh the nature of the intracelluhr cnz\mc-cfltnl>zed reactions 
in\ohcd in tlic intcrcon\ ersion of proteins and ammo acids is obscure, 
tlicrc Ins been nccumuhtcd a considerable bod} of data about tlic over- 
all process of protein metabolism m a wide varict} of biological forms 
Since most of the available information relates to the breakdown and 
sjnthcsis of proteins m iiighcr animals, this aspect of tlic subject will be 
discussed first, consideration will then be given to tlic problem of protein 
metabolism in plants and in microorganisms 

Nitrogen Equilibrium 

The over-all metabolism of nitrogen compounds in nongrowmg animals 
mav be studied convenicntl} bj relating the amount of nitrogen excreted 
to the nitrogen content of the diet The expired air and perspiration 
contain onlj a small fraction of the total excrctor} nitrogen, and one 
mav assume that the urine and feces contain nearl} all of the nitrogen 
compounds derived from the metabolism of proteins and excreted b} 
the organism When an animal is maintained under conditions such 
that tlie total nitrogen content of the urine and feces equals the amount 
of dietar} nitrogen, tlie animal is said to be in "nitrogen balance” or 
"nitrogen equilibrium If the excrctorj nitrogen is greater tlmn the 
dictarj nitrogen, the animal is m "negative nitrogen balance”, if the 
excretory nitrogen is less, the animal is in "positive nitrogen balance” 
Thus, m negativ e nitrogen balance there is a loss of a quantit} of tissue 
nitrogen which is not replaced bj dietarj nitrogen, in man this condition 
IS observ'ed as a consequence of fevers, of wasting diseases, or of inade- 
quate dietarj protein An animal m positive nitrogen balance retains 
in its tissues a greater quantitj of dietary nitrogen than it excretes, this 
1 J B Allison, Federation Proe, 10, 676 (1951) 
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can be maintained by the administration of the eight essential ammo 
acids, if sufficient glycine and urea are added to the diet to meet the 
total nitrogen requirement of the organism® 



cuneg lUustratJQg the dietarj requirement of growing rats for 
p cny a anmo ut not for t>ro5me The initial and final weighta (m grams) of 
the ammals arc indicated in parentheses for each growth curve [From M Womack 
and W C Rose } Biol Chem , 107, 449 (1931) ) 


It must he stressed that the indispensable nature of a gi\en amino 
acid IS defined in terms of the efftcl, on some physiological response in 
a par icu ar species, of the omission of that amino acid from an otherwise 
comp e e let Thus gljcine, which is not a dietarj essential for the 
groii mg rat, is required bj the grow ing chick for optimal grow th Further 

® ''t C Ro«c and R L \\ 


ucom. J Btol Chem, 217, 997 (1955) 
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Before these import'int stmhes on human subjects, Rose had established 
the ammo acid requirements of the immature rat for growth^ (Fig 2) 
The foundations for this ^\ork hj in the contributions of Osborne and 
Mendel to the de\elopmcnt of highly purified diets which supported the 
growth of white rats These m\ cstigators demonstrated in 1912 to 1914 

Role of Leucine 



rig 1 Effect of Icucme and of pl»cn> lalanmc on the maintenance of nitrogen 
equilibrium in human subjects The bodj weight of the subject and the nitrogen 
content and caloric \aluo (cf Chapter 37) of the food con-^umod dailj arc indicated 
for each experiment [From W C no«e et al , 7 Btol Chem , 193, 605 (1051) 1 

the ncccsslt^ for the presence of l>sinc and tryptophan in the diet of the 
growing rat Subsequent studies, largclj conducted in Rose’s laboratorj, 
showed that other ammo acids also were indispensable, the complete list 
includes the eight amino acids required b> human subjects for nitrogen 
equilibrium and, in addition, L-histidinc For optimal growth, L-argmine 
must be present as well Apparentlj, the growing rat can synthesize 
arginine to a significant extent, but not at a sufRcicntlj rapid rate to 
permit normal growth In these experiments, rats were fed mixtures 
containing approximately twenty pure amino acids and so prepared as 
to simulate the ammo acid composition of casein The “dispensable” 
ammo acids in the mixtures arc important as sources of nitrogen, how- 
e^ cr, when the ten indispensable ammo acids arc fed in sufficient quantity , 
the nitrogen of the other ammo acids may be replaced m the diet by 
ammonium salts'* Similarly, with human subjects, nitrogen equilibrium 

3 W C Ilo'e, Physiol Revs, 18, 109 (1938) 

<11 A Lardj and G Feldott, 7 Btol Chem, 186, 85 (1950) 
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Among the livtr proteins lost by fasted animals are some enzjmes 
(catala'ie, \anthme oxidase) ® After the resumption of feeding and the 
administration of a high-protein diet, the labile liver proteins are rapidlj 
resynthesized and the liver returns to its normal size A similar regenera- 
tion of liver tissue is observed after surgical removal of a portion of the 
liver (partial hepatcctomy) and administration of a high-protein diet 
However, for such regeneration of liver proteins lost either by starvation 
or by hepatectomy, the diet must contain some, if not all, of the amino 
acids classified as indispensable For example, when fasted rats are given 
a diet deficient in methionine, the rate of liver regeneration is markedly 
inhibited It appears probable, therefore, that an important function 
of the indispensable amino acids is to participate in the synthesis of 
labile liver proteins, whicii include many enzymes essential for normal 
metabolic function 

For the growth and multiplication of animal cells (eg, mouse fibro- 
blasts, human carcinoma, chick embrj'o) m tissue culture, not only the 
eight ammo acids listed on p 724 arc required in the medium, but addi- 
tional amino acids (L-argininc, L-histidinc, L-cystine or L-cysteine, 
L-tyrosme) must also be present “ 


The Dynarruc State of Proteins in Metabolism 

Ever since the recognition, dunng the latter part of the nineteenth 
century, of the conversion of dietary ammo acids to tissue proteins, 
there have been numerous experimental attempts to clanfj the metabolic 
relationship beUeen the amino acids that enter an organism (either as 
dietarj ammo acids or as products of the digestion of dietary proteins) 
and the amino acid residues in the characteristic tissue proteins Much 
of the eatlj historj of this field is summarized in the monograph bj 
Cathcart^” Perhaps the most decisive advance was made m 1938, when 
Schocnheimer introduced the use of isotopic ammo acids in metabolic 
studies^® Schoenheiraer and his associates synthesized a number of 
ammo acids in which the content of the ammo nitrogen was greatlj 
enriched above the natural abundance of this element (0 37 atom per 

9L L Miller, J Biol Chem, 172, 113 (mS), W W Westerfeld and D A 
Richcrt, tbid, 192, 35 (1951) 

10 H C Harrison and C N H Long / Btol Chem, 161, 545 (1945) 

iiH Eagle, J Bwl Chern, 214, 839 (1955), J ExpU Med, 102, 37 (1955), 
J r Morgan and H J Morton J Bwl CAem, 215, 539 (1955) 

*-E P Cithcart The Phystology of Protein Metabolism, Longmans, Green and 
Co , London, 1912 

IV n Schoenhoimer, The Dynamic Stale of Body Constituents, Han. ard Univ ersity 
Press Cambridge, 1912 
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discussion of the role of nniino ncids in the diet of animals be found 
in the rc^ ie\\ bj Ahnquist 

From the foicgoing it follows that a gnen dietary protein, in order to 
scr\e IS the sole nitrogen source for growth or nitrogen equilibrium, 
mu'st proxide a sulTicicnt qu^ntlt^ of the indi‘«pen«!able amino acids Since 
proteins differ w idclj in their ammo acid composition (cf p 125),thc> 
also differ significintlj in thiir biological \alue” as sources of those 
amino acids that the orgini''m cannot make at a sufTicicntlj rapid rate 
Fmthcrinore, in the e\aluation of the nutriti%e qiialitj of dietarj pro- 
teins, the factor of digcstibilita (cf p G94) must be taken into account 
If the digc«tibiliU of a protein food is defined as the per cent of the 
protein nitrogen fed th it l^ absorbed b\ the intestinal wall, egg “protein” 
has a digestibihtj of ibout 96 jicr cent, whereas cottonseed “protein” is 
onlj 78 per cent digc'-tiblc The extent to which the absorbed nitrogen 
IS utilized bj an iminal i" itl itid to the “biological x aluc” of the protein 
from which the nitrogen w is derued Thus a protein such as gliadin maj 
be quite digestible, but, bcciusc of its deficiencj in Ijsme, its biological 
xnluo as a solo source of dict.irv nitrogen is low For a discussion of the 
biological cx ablation of diclarj proteins, see Allison ‘ 

Since the indispensibk diet irj amino acids are used in the biosjn- 
thcsis of the charictcnstic cellular proteins, it ma> be expected that all 
of the-^e ammo acids (in addition to other protein ammo acids) must be 
a\ ailable at the s line tunc Indeed, it has been show n that, if the feeding 
of only one mdispens ibJc ammo acid is dehjed, tlie utilization of the 
otlicrs is markedh decreased Obscnations of this kind ha\c emphasized 
the importance of the ‘tune f ictor” in relation to the axailabilitj of 
indispensable ammo acids for piotcin s>nlhcsis in tissues 

Further insight into tlie role of the indispensable ammo acids has been 
gained from studies with fa&tcd animils Wlien an animal is subjected 
to fasting, protein (as well as carboh>dratc and fat) is lost from the 
tissues Tlius, if rats are fasted for 7 dnjs, the lixer loses approximatelj 
40 per cent of its protein and decreases markedly in size On the other 
hand, the decrease in the proteins of the carcass (largely muscle and 
connectue tissues), altliough three times that of the li\er proteins m 
absolute amount, represents a smaller per cent loss (approximately 8 
per cent) ® This indicates that the metabolic degradation of li\ er proteins 
IS much more rapid than is that of the carcass proteins (cf p 731) 

H J Almquiat m D M Greenberg Ammo Acids and Prolems, Charles C 
Thomas Springfield, 1951 

^ J B Allison, Adiances in Protein Chem , 5, 155 (1949), Physiol Rets, 35, 664 
(1955) 

8T Addis et ai, / Biol Chem, 115, 111, 117 (1936) 
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on the administration of labeled leucine to rats The L-leucine (6 54 
atom per cent excess n-as fed as part of a casom-containing diet 
to nongroning rats, the urine and feces tv ere collected, and after 3 dajs 
the rats were sacrificed and the K'® content of the protein nitrogen 
and of the nonprotein nitrogen in the tissues was determined The data 
in Table 1 describe the results of an experiment in nhich 4 rats were 
given a total of 1261 milhequnalents of as isotopic L-leucme 
(1 milliequn alent of equals 15 mg of or 132 mg of Ni®-leucme)^ 
and the mine, excreta, and tissues of the 4 rats were pooled before 
analj sis 


Table 1 Distribution of N^® after Administration 

of Isotopic Leucine^* 


MilUequiv alents 

Per Cent of N*® 


of 

Admimstered 

Excreta Feces 

0 02G 

2 1 

Unno 

0 318 

27 6 

Tissues Nonprotem fractionj 

0 008 

7 8 

Protein fraction 

0 725 

57 5 


1 107 

95 0 


t Milhequivalents of in a given sample equals millieqmvalents of total 
N X atom per cent excess divided by 100 
t Tins refers to the fraction of the tissue contents which was soluble in tn* 
chloroacetic acid 

This experiment and many others liKe it were of extreme importance 
in the historical devtlopment of knowledge of protein metabolism, since 
thej dtfimtelj disproved the vuew that, when the nitrogen intake of 
an animal equals its nitrogen output, i e the animal is m a state of 
"nitrogen equilibrium,” the nitrogen that is excreted stems mainly from 
the dietary amino acids As may be seen from the data in Table 1, 
during the 3-day period, a major portion of the labeled nitrogen m the 
administered leucine had been incorporated into the bodj proteins and 
not excreted Furthermore, the total quantity of protein in the animal 
could not have changed appreciably in the course of the experiment, 
because the weight of the rats did not change, the incorporation of the 
dietary nitrogen into the tissue proteins must have been a consequence, 
therefore, of the operation of continuous chemical processes which do not 
produce any net change in the protein composition of the tissues Clearlj , 
the tissue proteins must be considered to bo in a state of metabolic flux, 
to which the terms "dynamic equilibrium” or "continuing metabolism 
have been applied 

Borsook and G L Keighley, Ptoc Roy SoC , 118B, 4SS (1935) 
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cent N*®) In later studies, other workcre used ammo acids labeled uitli 
deuterium, and C^'* 

Before the application of the isotope technique to the studj of protein 
metabolism, it v\as \\idolj belie\cd that the major portion of the ammo 
acids entering the body of an animal in nitrogen equilibrium uas not 
used for protein sjnthcsis, but ms catabolizcd and the nitrogen excreted 
into the urine, largclj in the form of urea Tins Mon, formulated bj 
Folin in 1905 on the basis of qunntitatne studies on the relation between 
tlic compounds in the urine and the constituents of the diet, differentiated 
between two kinds of protein metabolism 

1 One tjpe of metabolism, cluractonzcd bj the urinarj excretion of 
urea, was thought to be cxtrcmch \ariable and to depend on the com- 
position of the diet, tin's was termed “exogenous" protein metabolism 

2 The second tjpc of metabolism was tliought to be relativeh constant 
and to load to tlie urinnr> excretion of creatmire and, to a lesser extent, 
of uric acid According to Folin, tins «econd t>pc of metabolism reflected 
the “wear and tear" of the tissue proteins, and was termed “endogenous” 
protein metabolism 

The fact that this picture of protein metabolism required rexision 
became clear from a simple experiment, in which Schoenheimer injected 
into a rat glycine-N^® (1 06 atom per cent excess N^®), and at the same 
time gaxe the animal benzoic acid It will be recalled that benzoic acid 
is excreted by man> animals in the form of benzojlgljcme (hippunc 
acid) If the administered ghcinc-N*® were simplj conjugated with 
btnzoic acid, the concentration of the urinarj hippunc acid should 
ha\e been the same as that of the injected ammo acid Actuallj, the 
Isotope concentration of the isolated hippunc acid was 0 48 atom per 
cent excess N^® This result showed that some of the gljcine in the 
isolated hippunc acid came from glycme other than that which had been 
administered, and the conclusion was inescapable that, from a metabolic 
point of \icw, the administered gljcme-Ni® had “mixed" with unhbeled 
glycme alreadj present in the body of the animal The large dilution 
factor (1 06/0 48 = 2 2) indicated that a significant portion of this 
unlabelcd gljcme must ha\e been demed from the tissue proteins of the 
animal, and showed that a strict separation of an “exogenous" and 
“endogenous” protein metabolism could not be made 

Further exidence for the metabolic interrelation between dietary ammo 
acids and the ammo acid residues of tissue proteins came from a classical 
paper** in which Schoenheimer and his associates described experiments 

Schornheimer et al J Btol CAcm, 130, 703 ( 1939 ) 
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on the administration of labeled leucine to rats The L-leucine (G54 
atom per cent excess uns fed as part of a cascm-containing diet 
to nongrowing rats, the urine and feces were collected, and after 3 dajs 
the rats ncre sacrificed and the Ni® content of the protein nitrogen 
and of the nonprotein nitrogen m the tissues ^vas determined The data 
in Table 1 describe the results of an experiment in ^hich 4 rats \\ere 
g:\en a total of 1261 milhequivalents of as isotopic L-leucinc 
(1 milliequivalent of equals 15 mg of or 132 mg of N^^-leucine), 
and the urine, excreta, and tissues of the 4 rats ivere pooled before 
analysis 

Table J Distribution of N'® after Administration of Isotopic Leucine'* 
Milhequivalents Per Cent of N'® 


ofN*®t Administered 

Excreta Feces 0 026 2 1 

Urine 0 34S 27 6 

Tissues Nonprotein fraction}: 0 09S 7 8 

Protein fraction 0 725 57 5 

1 107 95 0 


t Milliequnalcnts of N‘® m a given sample equals milhequivalents of total 
N X atom per cent excess N'* divided by JOO 
} This refers to the fraction of the tissue contents ubich uas soluble in tn* 
chloroacetic acid 

This experiment and many others like it tv ere of extreme importance 
in the histone il development of knowledge of protein metabolism, since 
the> definitel} disproved tlic \icw that, when the nitrogen intake of 
an animal equals its nitrogen output, i e , the animal is m a state of 
“nitrogen equilibrium,” the nitrogen that is excreted stems mamlj from 
the dietary ammo acids As ma> be seen from the data m Table 1, 
during the 3-da> period, a major portion of the labeled nitrogen m the 
administered leucine had been incorporated into the bodj proteins and 
not excreted Furthermore, the total quantity of protein in the animal 
could not have changed appreciably in the course of the experiment, 
because the weight of the rats did not change, the incorporation of the 
dietary nitrogen into the tissue proteins must have been a consequence, 
therefore, of the operation of continuous chemical processes winch do not 
produce any net change in the protein composition of the tissues Clearly, 
the tissue proteins must be considered to be in a state of metabolic flux, 
to which the terms “dynamic equilibrium” or “continuing metabolism 
have been applied 

Borsook and G L Keighlej, Pnw JZoj, Soc, 118B, 48S (1035) 
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Some tissue proteins, Iio\\c\er, incorjiorato {lerned from the 
isotopic leucine to n greater extent than others This is illustrated bj 
the data in Table 2, which show that, although the absolute amounts of 


Table 2 N*® Concenfration of Protein of Different Tissues 

(Pooled Tissues from 4 Rats}** 



Milh- 

Milli. 

Atom 


cqtiualcnts 

cqui\ alcnts 

Per Cent 


of Tot tl N 

of 

Excess N*' 

Blood phsma 

n 2 

0 0121 

0 108 

Er\throc\’tcs 

35 7 

0 OOGS 

0 019 

Lucr 

59 5 

0 03G3 

0 OGl 

Carcass (miuclc, skin, bones 
conncctuc tissues) 

I6S5 

0 505 

0 030 


protein and of N*® arc \crj much ‘•mailer m the lucr than in the carcase, 
the N*® concentntion, i c , atom per cent excess N*®, in the li\cr proteins 
is tw ICC tluit of the carcass proteins It w as concluded, therefore, that the 
senes of chemical [)rocc?sc& in\ol\cd in the brcikdown and sjnthcsis of 
protein is more rajiid in ll^cr than in the carcass, i c , the liter proteins 
arc in a "more dtnamic state” of metabolic replacement than arc tlic 
carcass proteins 

Schoenheimer et al ** also examined the distribution of Nt® among 
some of the ammo acids obtained upon h>drol>s]s of the liter proteins 
(0 061 atom per cent excess N*®) from the experimental animals The 
isotope concentrations of pure samples of the i«olated ammo acids, and 
of the ammonia liberated from the proteins on alkali treatment (amide 
nitrogen) are giecn here m atom per cent excess X*® 


Gljcine 

0 048 

Arginine 

0 058 

Tj rosme 

0 033 

Lx sine 

0 004 

Glutamic acid 

0 121 

Leueme 

0 518 

Aspartic acid 

0 076 

\mKle-N 

0 051 


Of the isolated amino acids, Icucme had the highest isotope content, 
thus a portion of the administered leucine must ha^ e been incorporated 
into the lucr proteins witliout haxing been degraded The appearance 
of isotope in the other ammo acids means that the nitrogen of leucine 
had been used for the synthesis of these ammo acids The concept that 
bod> proteins arc m a dynamic state thus entails the \iew that the pro- 
tein amino acids are also undergoing constant change and intercona ersion 
An examination of the isotope content of the isolated amino acids shows 
that glutamic acid has a higher N*® concentration than an> other ammo 
acid except leucine This may be taken as eMdence for a relatuely 
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greater metabolic actuity of glutamic acid On the other hand, the 
concentration of the isolated lysine indicates that little, if any, of 
its nitrogen ^\'is derned from the nitrogen of the isotopic leucine, this 
points to a slow metabolic tumo\er of the nitrogen of lysine These 
metabolic relationships among the -various amino acids will become 
clearer from Chapter 32, where their intermediate metabolism is 
discussed 

The experimental results of Schoonheimer and of other investigators 
have led to the concept that, in the dynamic system involving dietary 
ammo acids, tissue proteins, and urinary nitrogen, there exists a “meta- 


Dietary ammo acids 


’ Metabolic pool 
of nitrogen 


Tissue proteins 


Unnaty nitrogen 

bolic pool” of nitrogen, whose place in metabolism may be indicated by 
the accompanying diagram It must be emphasized at once that this 
highly schematic representation of the dynamic state of proteins in 
metabolism does not specify the components of the “metabolic pool”, 
these have been assumed, for convenience, to be largely ammo acids, but 
the presence of peptides in the “pool” has not been excluded Kor 
does the scheme specify the nature of the tissue proteins, as shown in 
Table 2, the mixed proteins of different tissues differ greatly in the rate 
at which they become labeled with N'® This result has been confirmed 
by numerous later workers, who have used ammo acids labeled with 
or with and it is known that several animal tissues (intestinal 
mucosa, liver, kidney, spleen, pancreas, bone marrow) are rapidly labeled 
after injection of an isotopic ammo acid, whereas other tissues (skin, 
muscle, brain, erythrocytes) become labeled much more slowly^® 
Furthermore, different proteins, even from the same tissue, exhibit dif- 
ferences m the rate at which they are labeled 

In view of the extensiv e morphological differentiation in higher animals, 
it IS an obvious oversimplification to assume that a homogeneous “meta- 
bolic pool” of an amino acid exists throughout the organism, and that a 
labeled amino acid introduced into the blood mixes equally rapidly with 
unlabeled amino acid in all the tissues If this were so, the differences 
in the extent of labeling of the proteins of various tissues could be 
attributed to differences m the rate of protein "turnover” in these tissues 
U IS known, however, that most ammo acids are transferred rapidly from 

J» F Fncdberg d al J Biol (Jhem, 173, 355 (1948). D M Greenberg and 
T VVinnick ibid, 173 ^ I 99 (jgjgj 
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Sonic tissue proteins, hoi\c\cr, incorporntc derned from the 
isotopic Itucinc to ‘1 greater extent than otliers This is illustrated by 
the data m Taiilc 2, i\hich show that, although tiic absolute amounts of 


Table 2 N^® Concentration of Protein of Different Tissues 

(Pooled Tissues from 4 Rats)’* 



Milh- 

iMiIli- 

Atom 


cqitu ilcnts 

cqtiualcnts 

Per Cent 


of Tot d N 

of 

Excess N’' 

Blood plasnn 

II 2 

0 0121 

0 lOS 

Ely throc}’tcs 

35 7 

0 OOGS 

0 019 

Lucr 

sa 5 

0 03G3 

0 OGl 

Carcass (miuclc, skin, bones, 



conncctue tissue-^) 

I6s5 

0 505 

0 030 


protein and of N’® arc much smaller in the lucr than m the carcass, 
tlie N’® concentration, i o , atom per cent excess N’®, in the li\cr proteins 
IS tw ICC tliat of tlic c ircass proteins It w a^ concluded, therefore, that the 
senes of chemical proccascs invohcd m tlic breakdown and synthesis of 
protein is more rapid in li\cr than in the carcass, i c , the h\er proteins 
are in a “more d\namic state” of met ibolic replacement than arc the 
carcass proteins 

Schocnheimcr et al also examined the distribution of among 
some of tlie ammo acida obtained upon Indrohais of the lucr proteins 
(0 061 itom per cent excess K*®) from the cxpeninental animals The 
isotope concentrations of pure samples, of the isolated ammo acids, and 
of the ammonia liberated from the proteins on alkali treatment (amide 
nitrogen) are guen here m atom per cent excess N’® 


Gl}cme 

0 048 

Arginine 

0 058 

T} rosme 

0 033 

L\ sine 

0 004 

Glutamic acid 

0 121 

Loueme 

0 518 

Aspartic acid 

0 076 

\micle-N 

0 051 


Of the isolated ammo acids, leucine had the highest isotope content, 
thus a portion of the administered leucine must ha\ e been incorporated 
into the Iner proteins without haxmg been degraded The appearcance 
of isotope in the other amino acids means that the nitrogen of leucine 
had been used for the synthesis of these ammo acids The concept that 
bod} proteins are m a dynamic state thus entails the aicw that the pro- 
tein ammo acids are also undergoing constant change and intercon^ersion 
An examination of the isotope content of the isolated amino acids shows 
that glutamic acid has a higher N^® concentration than an} other ammo 
acid except leucine This may be taken as e\idence for a relatuely 
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regard to the amount of protein eynthesized per unit time, muscle is of 
equal if not greater importance 

As a consequence of their short balf-hfe, the labile h\cr proteins not 
only incorporate isotope at an cxtremelj rapid rate after the administra- 
tion of an isotopic ammo acid, but also lose the isotope rapidly Since 
the muscle proteins ha\c a much longer haU-hfe, they acquire the isotope 
much more slowly and retain it for longer time periods Thus, m the 
course of protein metabolism in the mtact animal, the retained by 
the organism is gradually accumulated in the muscle proteins After the 
administration of an isotopic compound has been discontinued, the total 
ju the animal bodj at first decreases rapidlj, with the rapid transfer 
of fj-oni the labile tissue proteins to the excretory products, later 
these changes m content occur more slowly, as a consequence of the 
slow er turnover rate of the muscle proteins 
In considering the djnamic state of proteins in animals, it should be 
noted that the Incr manufactures plasma proteins which are released into 
the circulation (cf p 738) , m the rabbit, the plasma proteins sjnthcsjzca 
bj the iucr represent about 40 per cent of the total protein (ca 1 9 grams 
per day per kg of body weight) made in this tissue^^ Similar]), the 
pancreas, whose proteins have been found to become labeled rapidl), 
secretes proteins (amylase, chymotrypsmogen, etc ) m the pancreatic 
juice Furthermore, the intestinal mucosa, which exhibits the highest 
turnover rate as judged by isotope experiments, undergoes rapid cellular 
disintegration and replacement The question has been raised, therefore, 
whether the apparent dynamic state of body proteins, inferred from 
isotope studies, is primarily a reflection of such secretion of protein from 
intact cells, and of cell destruction, rather than of intracellular break- 
down of proteins (cf p 74G) This view implies a return to the concept 
of endogenous protein metabolism, proposed by Folin (p 729) Although 
an unequivocal decision on tins question cannot be made at present, it is 
likely that, in some animal cells, an intracellular turnover of protein 
occurs,^ as postulated b> Schocnhcimcr 
Ammo Acid Incorporation end Release in Tissue Preporolions Upon 
incubation with an isotopic ammo acid, hv'er slices and (to a Ics'ser extent) 
liver homogenates incorporate the i«otope into the protein fraction This 
incorporation is inhibited by the exclusion of oxj'gcn, or bj the addition 
of clmjtrophcnol (cf p 3S5), thus suggesting that the generation of ATF 
is essential for the process Upon differential tentrifugation of a hver 
homogenate incubated with an isotopic ammo acid, it was found that 
the microsomal fraction becomes labeled more rapidlj than the other 


I' J / Biol Chtm , 221, M3 (1956), 225, 709 (1957) 

,7 ^ Frantz, Jr Cold Spnnff Harbor Symposia Quant BioU 

14, 199 (1919), p Siekeutr, J J?k»( Chem,l9Zy 549 
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the blood to some tis^uo" (h\cr, ki(Ine\ ), nnd rclitncl} ^loulj toothers 
(muscle, hmn) lor cxnmplo, the tvlimgc of plasm\ gljeine-2-C>'i 
uith gUcine in the lucr of ribbits is ripul, nnd limitul onl> !)> the 
r\tc of blood flow, wlicrca'? the exclimgt with muscle gljcme is much 
■slower, jirobablj i\^ n con‘’Lqiiencc‘ both of » lower rite of blood flow in 
mu'clc and of a «low rite of /lenctration of ghtrnc into nnitcJe cells 
Similnrlj, the slow incorporation of '^'^-InbtlLd niLtbioninc into brnm 
proteins has been attributed to the "blood-brain barrier" which limits 
the rate of pcnctrition of the ammo icid, i itber than a low rate of 
protein nictnboli«in in brim tissue *'* It follow** therefore, that the 
"metabolic pool" indicited in (he '•rlienit must be considered to represent 
the summation of main "met tboln pool-’ pre-nit in indi\idual tissues, 
nnd perhips L\en in induiduil cells 
Despite the-c and other uncertamtu- in the t\ iliintion of results on 
the labeling of ti-sue piotcins, such data hue b»(n used to calculate the 
rate at which tlio mixed iirotcms of n tis-uc au n placed (turnoxer rate) 
in the dxnnmic stitc of protein nutiboh-m Tor example, it has been 
estimated tint, m man, the time rc(|uired for one half of the total Inei 
protein to he regenerated ("hilMift ’» is about 10 tiaxs, whereas the 
half-life of the total muscle proteins i** behexed to be about 180 daxa 
In the rat, the lixcr proteins appear to baxc a balMife about 5 daxs, and 
the proteins of the rat carc»-s (imi'*cle ti?«ue, eonnectixe tissue, etc) 
appear to be regenerated more «lowIx (Imif-hfe, cn 21 daxs)’® Tlie hst 
figure must bo considered to reprc'-ent the axerage of the turnoxcr of 
some muscle protcin« in a more dxnunic st ite md of other proteins that 
are rclatixol> inert in tlicir metabolic bebaxior Among the proteins of 
the adult rat that arc rcgcncnlcd at a relatixclx "low rate arc the muscle 
proteins nijo^m and actim" and the tendon protein collagen®’ 

Although the estimates of tlic turnoxei rate of tissue proteins inxoixc 
simplifying a""uniptions of uncertain xahditx, and can be considered 
only as approximations, thtx' indicate considerable differences in tlic 
dynamic stitc of the x irious proteins of in animal nnd also imdcrlmc 
the central role of the lixcr in the dynamics of protein metabolism It 
should be added that, nltbough the turnoxcr rate of hxer proteins is 
approximately 10 times that of the mu-cic proteins, the latter represent 
the bulk of the protein of the animal body (cf Table 2) Therefore, in 

” 0 B Henriqucs ot al Biochcnt J 60, 409 (1955) 

’®M K Gaitonde and D Richter, Biochcm J 59, 690 (1955), A Lajtha et al , 

J Niurockem, 1, 289 (1957) 

^ ^ Rittenborg JIartcy Lecture^, 44, 200 (1950) 

L E Bidinost J Biol Chem , 190, 123 (1951) 

“A Neubergor et al , Biochcm J , 49, 199 (1951). R C Thompson and J E 
J Biol Chem , 223, 795 (1956) 
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regard to the amount of protein synthesized per unit tune, muscle is of 
equal if not greater importance 

As a consequence of their short haU-'hfe, the labile liver proteins not 
onH incorporate isotope at an extremely rapid rate after the adimnislra- 
tion of an isotopic ammo acid, but also lose the isotope rapidlj Since 
the muscle proteins ha\c a much longer half-life, they acquire the isotope 
much more slonlj and retain it for longer time periods Thus, in the 
course of protein metabolism in the intact animal, the retained bjr 
the organism is gradually accumulated in the muscle proteins After the 
administration of an isotopic compound has been discontinued, the total 
jn the animal body at first decreases rapidly, nith the rapid transfer 
m from the labile tissue proteins to the excretory products, later 
these changes m content occur more slonly, as a consequence of the 
fciower turno\er rate of the muscle proteins 
In considering the dynamic state of proteins in animals, it should be 
noted that the iivcr manufactures plasma proteins nhich are released into 
the circulation fcf p 738) , m the rabbit, the plasma proteins synthesized 
by the ii\ or represent about 40 per cent of the total protein {ca 1 9 grams 
per day per kg of body weight) made m this tissue Similarlv, the 
pancreas, ^hoso proteins have been found to become labeled rapidlj, 
secretes proteins tamjfasc, chymolrypsinogen, etc) in the pancreatic 
luice Furthermore, the mtestmal mucosa, nhich exhibits the highest 
turnoier rate as judged by isotope experiments, undergoes rapid cellular 
disintegration and replaccmont The question has been raised, therefore, 
whether tho apparent dynamic state of body proteins, inferred from 
i^’otopc studies, 18 primarily a reflection of such secretion of protein irom 
intact cells, and of cell destruction, rather than of intracellular break- 
down of proteins fcf p 74G) This view implies a return to the concept 
of endogenous protein metabolism, proposed bj Folm (p 729) Although 
an imequixocal decision on this question cannot be made at present, it is 
Iikelj that, m some animal cells, an intracellular turnover of protem 
occurs-- as postulated by Sthocnheimcr 
Ammo Acid Incorporahon and Release in Tissue Preporohons Upon 
incubation with an isotopic ammo acid, hver slices and {to a lesser extent) 
hver homogenates incorporate the isotope into tho protem fraction This 
incorporation is inhibited by the exclusion of oxygen, or by the addition 
of dmitrophcnol (cf p 383), thus su^csting that the generation of ATV 
IS essential for the process Upon diflercntial centrifugation of a hver 
homogenate incubated with an isotopic ammo acid, it was found that 
the microsomal fraction becomes labeled more rapidly than the other 


7 Biol Chem , 221, 543 (1956), 225, 709 (1957) „ , 

■%A ” ^ 2’Ciecnik and I D Traalr Jr , Cold Spnng Harbor Sympom 
14. J99 (1919). p s.cke^U^. / B^ol Ch,m . 195, 549 
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cellular components examined (mitochondria, nuclei, supernatant fluid) 
This lias led to the mow that tiu microtomes inaj be the most important 
site of piotcin ‘5^nthesls m the Ii\cr cell It is bolie\ed that the ammo 
acids, before their ineoiporition into microsomal protein, arc converted 
to o-amino ac}I-AMP compoumis (p 720) by an enzyme sjstem present 
m the cjtopla^mic fluid fiuinotiiu diphotpiintc (or guanosine triphos- 
phate) increase^ the extent of ammo and incorporation, but its role is 
not jet understood Of •'peml interest is tlic fact that the amino acid 
incorporation into ll^c^ microtome**, which arc rich m ribonucleic acid 
(RNA), is inhibited b> the addition of nlionuclcaso (cf p 190), tlius 
suggesting that RNA plnjs i role in protein synthesis, and that the 
actuated ammo acids art incorpor ited into a ribonuclcoprotein fraction 
of tlie microsomcs Ihc mcoi poration of labeled amino acids into 
ribonuclcoprotein pirtichs iKo Ims bun dtmonstrated with a cell-free 
s>stcm obtained from the riirlich mouse incites tumor It lias been 
suggested that such ribomieltoprotem material senes as a precursor in 
the ^jnthcsis of other ccllulur proteins, howc\or, in the case of mouse 
pancreas, this nhonuclcoprottin fi action is labeled to a lesser extent than 
are trjpsinogen and cbj motrjpsmogcn,*’* thus casting doubt on the 
general \alidit> of this lupothcsis The po«siblc role of nucleic acids 
in protein sjntlicsis '\ill be discussed further on p 74C 
In studies such as tho'C described abo\c, it is not alwajs CMdcnt 
whether the labeled protein represents material newly synthesized from 
its component amino acids, or nliethcr the labeled ammo acid had 
replaced its unlabclccl analogue in a prefonned peptide chain Howc\er, 
net sjntliesis of protein in pigeon pancreas slices has been demonstrated 
by HoKin,-^ who has shown the formation of nmjlasc, lipase, and nbo- 
nucleasc from ammo acids m the medium For amjhse synthesis, onij 
nine of the ten L-ainino acids cs'-cntial for rat growth (cf p 725) were 
required, the fact that L-methionine could be omitted from the medium 
IS concordant with the absence of this ammo acid in pancreatic amylase 
In the incorporation of labeled amino acids into the proteins of rabbit 
reticulocjtes, a stimulation b> “fructose-amino acids” [l-deoxj-l-{N- 
amino acid)-2-ketolie\oscs] has been observed,®'’ but the mode of their 
action IS unknown at present 

P C Zimecnik and E B Keller J Biol Chem, 20% 337 (1954) 

25 E B Keller and P C Zamccnik / Biol Chem , 221, 45 (1956) 

W Littlefield etal J Biol Chem 217, 111 (1955) 

J W Littlefield and E B Keller J Biol Chem 224, 13 (19o7) 

28 M M Dalj et al J Gen Physiol 39, 207 (19o6) 

“®L E Hokm Biochem J 50, 216 (1951), R Schucher and L E Hokm J Biol 

C/iem , 210, 551 (1954), E S 1 ounathan and E Fneden i&id, 22 0, 801 (1956) 

3'’H Borsook et al J Biol Chem, 196, 669 (1952), 215, 111 (1955), P H Lowy 
and H Borsook J Am Chem Soc, 78, 3175 (1956) 
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regard to the amount of protein sjmthesxzed per unit time, muscle is of 
equal if not greater importance 

As a consequence of their short half-life, the labile li\er proteins not 
onl> incorporate isotope at an extremely rapid rate after the administra- 
tion of an isotopic amino acid, but also lose the isotope rapidly Since 
the muscle proteins have a much longer half-life, they acquire the isotope 
much more slmvlj and retain it for longer time periods Thus, m the 
courbc of protein metahohsm in the intact animal, the retained by 
the organism is graduallj accumulated m the muscle proteins After the 
administration of an isotopic compound has been discontinued, the total 
N*® m the animal body at first decreases nipidlj, with the rapid transfer 
of fronj the labile tissue proteins to the excretory products, later 
these changes in content occur more slowly, as a consequence of the 
slower turnover rate of the muscle proteins 
In considering the dynamic stale of proteins in animals, it should be 
noted that the hver manufactures plasma proteins which are released into 
the circulation (cf p 738) , in the rabbit, the plasma proteins synthesized 
by the Iner represent about 40 per cent of the total protein {ca 1 9 grams 
per day per kg of body weight) made in this tissue^’ Bimilarlj, the 
pancreas, whose proteins have been found to become labeled rapidlj, 
secretes proteins (amylase, chyraotrypsinogcn, etc) in the pancreatic 
jUiCG Furthermore, tiic intestinal mucosa, which exhibits the highest 
tumo\er rate as judged by isotope experiments, undergoes rapid cellular 
disintegration and replacement The question has been raised, Uicrefore, 
whether the apparent dynamic state of body proteins, inferred from 
isotope studies, is primarily a reflection of such secretion of protein from 
intact cells, and of cell destruction, rather than of intracellular break- 
down of proteins (cf p 746) Tins mcw implies a return to the concept 
of endogenous protem metabolism, proposed by Folin (p 729) Although 
an unequivocal decision on tins question cannot be made at present, it is 
hkcly that, m some animal cells, an intracellular turnover of protein 
occurs,^- ns postulated by' Schoenhcimcr 
Ammo Acid incorporation and Release in Tissue Preparations Upon 
incubation with an isotopic amino acid, liver slices and (to a lesser extent) 
liver homogenates incorporate the isotope into the protein fraction This 
incorporation is inhibited by the exclusion of oxy gen, or by the addition 
of dmitrophenol (cf p 385), thus suggesting that the generation of ATP 
IS essential for the process^ Upon differential centrifugation of a hver 
homogenate incubated with an isotopic amino acid, it was found that 
the microsomal fraction becomes labeled more rapidly than the other 
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cellular components cxnmmcci (mitochondria, nuclei, supernatant fluid) ** 
This has led to the \icu that the microsoines may bo the most important 
site of protein s\nthcsis in the h\cr cell It is belic\cd that the amino 
acids, before their incorporation into microsomal protein, are con^ erted 
to «-amino acj 1-AMP comjioiinds (p 720) by an cnzjme sjstcm present 
in the cjtophsmic fluid Guanosine diphosphate (or guanosinc triphos- 
phate) increases the extent of amino acid incorporation, but its role is 
not 3 ct understood 0/ special interest is the fact that the ammo acid 
incorporation into ll^cr microsonies, whicli arc rich in ribonucleic acid 
(RNA), is inhibited b} the addition of nbonucleasc (cf p 190), thus 
suggesting that RNA jilaxs a role m protein s 3 nthesis, and that the 
actu ated ammo acids arc incorporated into a riboiniclcoprotcin fraction 
of the microsoincs Ihc incorporation of labeled ammo acids into 
nbonuclcoprotcin particles also has been demonstrated aaith a cell-free 
S 3 stem obtained from the Ehrlich mouse ascites tumor It has been 
suggested that such nbonuclcopiotcin material scracs as a precursor in 
the S 3 nthesis of other cellular piotcins, howexer, in the ease of mouse 
pancreas, this nhonuclcoprotem fraction is labeled to a lesser extent than 
are tr 3 psinogcn and cli 3 motrjpsinogcn,*^ thus casting doubt on the 
general xahdit} of this h 3 pothcsis The possible role of nucleic acids 
in protein S 3 nthc'is x\ill be discussed further on p 746 
In studies such as those described abo\c, it is not ali\a 3 s c\idont 
xxhether the labeled protom represents material nc\\l 3 sjnthcsizcd from 
its component ammo acids, or 'whether the labeled ammo acid had 
replaced its unlabelcd analogue in a preformed peptide chain Hoxxexcr, 
net g 3 nthesis of protein m pigeon pancreas slices has been demonstrated 
b 3 Hokin,-^ who has shown the formation of am 3 lase, lipase, and ribo- 
nuclease from ammo acids in the medium For am 3 laso s 3 nthesis, onl 3 
nine of the ten L-amino acids cs‘*cntial for rat growth (cf p 725) were 
required, the fact that L-methioninc could be omitted from the medium 
IS concordant with the absence of this amino acid in pancreatic am 3 lase 
In the incorporation of labeled amino acids into the proteins of rabbit 
reticulocytes, a stimulation by “fructose-amino acids” [l-deo\ 3 -l-(N- 
amino acid)-2-ketohc\oses] has been observed,^'* but the mode of their 
action is unknown at present 

P C Zamecnik and E B Keller J Biol Chem 209, 337 (1954) 

25 E B Keller and P C Zamecnik / Biol Chem 221, 45 (1956) 

2CJ 3V Littlefield et al J Biol Chem, 217, 111 (1955) 

J 33 Littlefield and E B Keller, J Biol Chem 224, 13 (1957) 

28 M M Dal> etal J Gen PAysiol, 39, 207 (1950) 

2!>L E Ilokm, fiioc^ew y , 50, 216 (1951) , R Schucher and L E Hokin J Biol 

Chem 210,551 (19o4), E S 1 oonathm and E Fneden, tbtd, 220, 801 (1956) 

so H Borsook et al J Biol Chem 196,669 (1952) 215, 111 (1955) P H Lowy 
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Although significant progress has been made in the study of protein 
s>nthesis in animal cells, tlie enzyroic mechanisms involved in the con- 
^ crsion of ammo acids to proteins are not knoum as yet It ib extremelj 
probable that an initial step is the activation of the a-earbovjl groups 
of ficc amino acids (cf p 720) in reactions coujiled to oxidatne phos- 
pliorylation, thus linking the evci^onic breakdown of carbohydrates and 
fats to the cndcrgonic formation of peptide bonds The subsequent 
chemical c\ ents leading to the formation of completed protein molecules 
are hrgely matters of stimulating conjecture 

It IS implicit in tlie concept of the dynamic state of proteins that the 
process of protein bjnthcsis is balanced in the intact cell by tlie degrada- 
tion of cellular proteins Efforts to elucid«\tc the enzymic mechanisms 
m the degradatue phase of intracellular protein turno\cr have in\ol\cd 
experiments m ^^hlch the proteins of xat liver nere labeled by injection 
of an isotopic amino acid (inethionme-S^®, Icucinc-C^^), and the release 
of isotope from Incr slices was measured^- The finding that such 
release is decreased by exclusion of oxygon or by dinitrophenol has led 
to the suggestion that the intracellular breakdown of proteins is also an 
energy -requiring process It is frequently assumed that the cathepsins 
(p 700), whicli represent the only known protemases of animal tissues, 
are responsible for the intracellular hydrolysis of proteins, the role of 
inhibitors of oxidatne phosphorylation is unknown, but it Tony be 
related to the need for energy m tlie transfer of protoms to the site of 
catheptic actuity from other parts of the cell Evidence has been 
presented that several of the cathepsins of rat liver arc localized in 
cellular particles associated with the mitochondrial fraction®^ 

Paffern of Labeling in the Biosynthesis of Proteins from Isotopic Amino 
Acids Several mv^cstigators have shown that, if one or more isotopic 
ammo acids are admmiistcred to an animal, and discrete proteins are 
isolated from the tissues or body fluids, every residue of a given labeled 
ammo acid m the peptide chain of a single protein has the same isotope 
content For example, Muir ct al injected into rats v aline-C'^ (labeled 
m the side-cham methyl groups), and, after suitable time intervals, 
sacrificed the animals and isolated samples of crystalline liemoglobin 
The protein was converted to the DNP-denv ative (cf p 142), which 
was then subjected to acid hydrolysis Since the vahno residue is present 
both as a terminal ammo acid and in the interior of the peptide chain, 


7 Cellular and Comparative Physiol, 47, Suppl I, 35 (I95C), 
C K ilalgljesh, Science, 125, 271 (1957) 

32 M V Simpson, / Biol Chcm.ZOl^ M3 (1953), D Sternberg and M Vaugh-m 
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p .7 n » ^^.Piochem /, 60, 604 (1955), J T Finkcnstaedt, Proc Soc 
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cellular coiuj)oncnts examined (mitochondria, nuclei, supernatant fluid) 
Tins has led to the x icu that the micro'-omcs maj be the most important 
site of protein synthesis in the li\or cell It is behexed that the ammo 
acids, before tlicir incorporation into microsomal protein, arc conxerted 
to n-amino acjl- compounds (p 720) bj an enzjme sjstem present 
in the cxtopla«mic fluid Guanosinc diphosphate {or guanosinc triphos- 
phate) increases the extent of ammo acid incorporation, but its role is 
not } ct iindor^itood Of speci il inteicst is tlic fact that the ammo acid 
incorporation into lixcr micro-'omcb whicli arc rich m ribonucleic acid 
(RNA), IS inhibited bj the addition of ribonucleasc (cf p 190), thus 
suggesting that RNA plajs a role m protein sxnthcsis, and that the 
actu ated ammo acids are incorporated into a nbonuclcoprotein fraction 
of the microtomes The inconioration of labeled ammo acids into 
nbonuclcoprotein particles nRo has been demonstrated with a cell-free 
sjstem obtained from the Ehrlich moubc ascites tumor It has been 
suggested that such ribonucleoproUin mitcrnl serxes as a precursor m 
the sxnthcsis of other cclluhr proteins howexer, in the ease of mouse 
pancreas, this nhonucloojirotcm fraction is ! ibclcd to n lesser extent than 
arc trjpMnogcn and chj motrxp«inogcn,-** thus cisting doubt on the 
general xahditj of tins hxpothesis The possible role of micloic acids 
m protein sjntlicsis x\ill be di«cu«scd further on p 74G 
In studies sucli as those described aboxc, it is not ahxajs evident 
xxhether tlic labeled protom rcprc'cnts material ncxxlx synthesized from 
its component ammo acids, or xxhether the labeled ammo acid had 
replaced its unlabclcd analogue m a preformed peptide chain Hoxxexer, 
net sxnthcsis of protein m pigeon pancreas slices lias been demonstrated 
by Hokjn,23 uho has shonn the formation of am>lasc, lipase, and ribo- 
nuclcase from ammo acids in the medium For amjlase sjntlicsis, onlj 
nine of the ten L-amino icids es-'tiitial for rat growth (cf p 725) were 
required, the fact that L-racthioninc could be omitted from tlic medium 
IS concordant with the absence of tins ammo acid in pancreatic amjlase 
In the incorporation of labeled ammo acids into the proteins of rabbit 
reticulocjtes, a stimulation by “fructose-ammo acids" [l-dcoxj-l-{N- 
amino acid)-2-ketohcxoses] has been obser\ed,^“ but the mode of their 
action IS unknown at present 
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W Littlefield et al J Biol Chem. 217, III (1955) 

J W Littlefield and E B Keller J Biol Chem 224, 13 (1957) 

M Dalyetal J Gen P/iysiol, 39, 207 (1956) 

^®L E Hokin, Biochem J , 50, 210 (1951), R Schucher and L E Hokin J Biol 

Chem 210, 551 (19o4), E S \ ounatlian and F Frieden ibid , 22 0, 801 (1956) 
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pancreas slices) For example, partial degradation of the msuhn sj-n- 
tiiesizcd by pancreas slices m the presence of gIjcme>C^^ ga\e peptides 
m which the specific radioactivity of the ghcme residues was markedly 
different The apparent discrepancy between the ro'^ults of wi mo 
labeling experiments and those conducted m vitro may perhaps be 
ascribed to differences in the rates of metabolic reactions in the tuo 
types of systems Thus the remox'al of a tissue from the intact ammal 
may be expected to lead to profound changes in the rates of those 
enzymic processes that are influenced by factors such as hormonal 
regulation and normal blood flow 


Biosynthesis of Plasma Proteins 


As noted preiiously, the plasma proteins represent nearly one half 
of the proteins synthesized m the hver, and it has been shown that this 
organ is the site of formation of serum albumin, fibrinogen, and the 
a- and /8-gIobulins Thus, one of the major physiological functions 
of the li'ier is to comert a portion of the ammo acids transported from 
the small intestine into plasma proteins Striking cxpenraental exndence 
for the role of the h\cr m the formation of plasma proteins was prodded 
by studies on dogs, conducted by Whipple and his associates^® One 
of the techniques employed (plasmapheresis) in\olvcs the reduction of 
the plasma protein le\cl by repeated bleeding and simultaneous reinjec- 
tion of the w ashed blood cells suspended in a physiological salt solution 
If a dog then la fed a suitable protein, or given by intravenous injection 
a protein (eg, casein) hydrolysate, the plasma proteins are promptly 
regenerated, indicating that the nitrogenous compounds (ammo acids and 
peptides) derived from the casein were used for the synthesis of the 
pHsroa proteins Other evidence for the synthesis of plasma proteins 
m the lucr has come from the obseiwation that, if the blood flow from the 
intestine to the h\ er is div erted sui^icallj or if the liv er is damaged, there 
results a decrease in the lev el of the circulating serum proteins of animals 
Numerous experiments have demonstrated the dymamic state of the 
plasma proteins For example, Miller et aP^ administered ljsinc-6-C^'* 
to a dog, and, when the content of the plasma proteins reached a 
sufficiently high value, labeled plasma from this animal was injected 
intravenously mto another dog from which an equal amount of plasms 
had been withdravra The specific radioactivity of the plasma proteins 
in the second dog was determined at several time intervals and found 


^ ^ ^ J25 <19M) 

. 1 ? ? and G H Whipple, PAi/«of /2ew,20, m (IMO) 

L h Miller etal,/ BxpU Med ,90^297 (im) 
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the ncid hjdroljs'itc of DlsP-hcmofilolnn contained both DIsP“^allne 
and unsubstitutcd \ aline After the DXP-\ aline Ind been rcmo\ed 
from the mixture, the free \nhnc was coinertcd to DNP-a aline and 
isolated Both samples of DNP-Mlinc wtre found to ha\c the same 
specific radioacti\it\ Otlur experiments, m which radioactue ammo 
acids were injected into a lactitmtx goat and the pattern of labeling of 
the milk proteins casiin and /5-lactoglobulin was examined, also showed 
uniform distribution of the label within the peptide chains of these 
proteins'*'^ In a striking s(rKs of experiments on the biosjnthesis of 
muscle proteins, a? nnru as fi\i diITtrtnt i«otopic ammo acids were 
administered simult ineou-'h to rabbits, and higliK purified samples of 
muscle aldolase and gl\cirihhh\di-3-phO'phatc deh\drogcnaso (or 
phosphorjlasc) were isolated I pon anahsis of sc\eral of the ammo 
acids obtained after hadroh'-i'' of the ciW'tillmc proteins, it was found 
that the ratio of the specific rftioicti\it\ of each labeled ammo acid m 
aldolase to the specific ridiouti\it\ of the same ammo acid in the 
other muscle cnzMiit w m uK coiiMant 

These ui mio studies induatt that in the s\nthcsis of proteins such as 
globm, milk proteins, and iuum k tnzMiies nil the residues of a gi\on 
ammo acid arc derived from u common metabolic pool," and make it 
improbable that free peptides arc mtcrracdiatcs m the metabolic con- 
\er8ion of amino acids to these proteins The above results have been 
interpreted as demonstrating a rapid ‘‘nll-at-oncc" process m which the 
requisite activated ammo acids arc aligned along a "template" (cf p 
748), however, it must be emphasized that the in vivo isotope studies 
do not exclude the rapid successive formation of peptide bonds without 
the release from tlic protcin-^viithoMzing '•vstem of peptide mterraedmtes, 
or the existence of «inall "pools" of mtcnncdiate peptides that equilibrate 
rapidly with the ammo acid "pools” riirthemiore, it has been reported 
that the administration of isotopic glvcinc to rats leads to nonuniform 
labeling of the gljcmc residues of mii'^clc collagen®^ It will be recalled 
that the “turnover rate" of this protein is slow (p 733), and the possi- 
bilitj exists that, in the biosxnthcsis of proteins that arc made more 
rapidlj , the formation of labeled peptide intermediates is obscured 

Of special interest in this connection arc the in vitro experiments of 
Anfinsen and his associates,^* who have found nonuniform labeling of 
ovalbumin (by hen oviduct) and of insulin and nbonuclease (b> calf 

^■*2 A Askoans et a! , Biochcm J , 58, 326 (1954), 61, 105 (1955), C Godin 
and T S Work, ibid 63, 09 (1956) 

V Simpson and S F Vclick, J Biol Chem , 208, 61 (1954) Heimberg 
and S F Velick ibid, 208, 725 (19^4), M V Simpson ibid , 216, 179 (1955) 

Gehrmann et al Arch Btochem ond Biophys , 62, 509 (1956) 

Steinberg and C B 4nfinacn J Biol Chem, 199, 25 (1952), M Vaughan 
fwf ^ ^ Anfinsen, ibid, 211, 367 (19o4), D Steinberg et al Saence, 124, 389 
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hydrolysis of the labeled phosphoprotein fraction yields 0-phosphosenne 
of high specific radioactuifej The enzyraic mechanisms in the rapid 
turnover of phosphoprotein phosphate arc iinknoT\n, hoi\e\er, rat liver 
mitochondria can catalyze the transfer of phosphate from ATP to pro- 
teins such as casein,®^ and the enzymic liberation of phosphate from 
phosphoproieins by "phosphoprotein phosphatase" (present m many 
animal tissues) has also been dcmonstiated (cf p 582) The metabolic 
role of the piiosphoprotcins is obscure, but it is of interest that the major 
part of the phosphoprotein fraction of Escherichia colt is localized in the 
bacterial cefi wall, and that the cell walls ("gliosts") of erythrocytes also 
contain phosphoprotein 


Protein Breaiedown and Syntlies/s m Higher Plants 

In the germination of seeds, the reserve proteins (eg, seed globulins, 
gJufeiins, prolamines) are rapidly degraded,®* presumably througli the 
hydrolytic action of proteolytic enzymes (cf p 706) Thus, when lupin 
seedlings arc allowed to germinate in the dark, there occurs a marked 
decrease in the protein content of the seed, this is accompanied by the 
appearance of a large quantity of asparagine and of a little glutamine 
The classical work of Schulze (1870) gave the first quantitative indica- 
tions of the magnitude of the changes involved, some of his data are 
given in Table 3 Schulze concluded that, on germination, the reserve 


Table 3 Profem Metaboljjm of Lupm Seedlings Germinated in the 



Dark»» 

Grams per 

100 g of Ungerromated Seeds 

Constituent 

Ungermmated 

12-day -old 
Seedlings 

DiiTereDce 

Protein 

45 1 

11 7 

-33 4 

Asparagine 

0 

18 2 

+18 2 

Other soluble nitrogen 
compounds 

7 8 

20 4 

+12 6 

Total weight 

100 0 

81 7 

-18 3 


proteins of seeds are converted to split products (ammo acids and pep- 
tides) which contnbute a considerable portion of their nitrogen to 


« G Burnett and E P Kennedy, J Biot Chem , 211, 969 (1954) 

58 G Agren, Ada Chem Semd 10, 152, 876 (1956) 

MAC ChibnaJi Protein Metaboli$m. in the Plant, Yale UnuersUy Tress. >e«- 
Ha\cn 1939 

^ ^ Thompson m H Neuralh and K Badej . Tl^ Proteins. 
i t; Press, New York, 1954 

«« C E Daniefasoa, Acta Chem Suind, 5, 541 (1951) 



METABOLIC BREAKDOWN AND SYNTHESIS OF PROTEINS 739 

to decrease gnduallj From these studies, it ^\as calculated that, in 
the dog, the half-life of serum albumin is about 7 dajs, and that of the 
total globulins about 3 dajs 

The e\tensnc turnoacr of the plasma proteins is a resultant of their 
rapid S 3 nthesis m the li\er and their utilization bj the tissues as sources 
of ammo acids, a portion of nhich is emplojcd for the 5}nthcsis of the 
characteristic tissue proteins The plasma proteins thus represent a 
major \ chicle for the transport, to the peripheral tissues, of dictarj 
nitrogen, nhich passes first from the small intestine to the Iner and 
thence to tlic other tissues In addition, plasma proteins serve important 
functions in the maintenance of tlie osmotic pressure of the blood (p 
31), in the control of the pH of plasma (p 100), in the transport of lipids 
and of other substances (p 573), in blood coagulation (p 702), and in 
immune reactions (p 740) Normal human plasma contains approxi- 
matclj C7 grams of protein per 100 ml, of this amount more than one 
half (3 5 to 4 0 grains) is in the scrum albumin fraction In contrast to 
the high protein nitrogen content of plasma, onlj smill amounts of free 
ammo acids and of pcjitidcs are present these account for about 7 mg 
of nitrogen per 100 ml of iiuman plasma The blood ammo acids are 
readilj tahen up b> tlie tissues, nhorc the intracellular ammo acid 
concentration is usualK much higher than that of plasma Such uptake 
of amino acids against a concentration gradient requires the expenditure 
of energj , and depends on the metabolic acti\it> of tlie living cell ** 
Formation of Antibodies If a suitable animal (c g , a rabbit) is 
injected repeatedlv with a solution of a foreign protein, after a time the 
serum contains specific “antibodies” to the protein administered (the 
“antigen”) In addition to proteins, manv polj saccharides (cf p 428) 
are also antigenic Upon mixing a solution of the antigen with a 
sample of serum from tiie immunized animal, the antigen and antibodj 
interact, and under appropriate conditions form a precipitate (the 
“precipitin reaction”) Frequentlj the spccificitj of the serological test 
is so great as to permit a differentiation between preparations of a given 
protein from different species For example, the hemoglobin of the horse, 
sheep, goat, or dog, when injected into rabbits, elicits the formation of 
antibodies which react readilj with the specific hemoglobin used but do 
not react appreciably with the hemoglobins from the other three species 

<2 H Walter et al , 7 Biol Chem , 224, 107 (1957) 

H Stem and S Moore 3 Bwl Chem, 211, 915 (1954) 

<< H N Christensen, m ■\\ D McElroj and B Glass Ammo Acid Metabolism, 
Johns Hopkins Press Baltimore, 1955 
^SM Heidelberger, i4nn Rev Btoehim 25, 641 (1956) 

<sv\ C Bojd, m H Neiirath and K Bailey, The Proteins, Vol IIB, Chapter 22 
Academic Press, New York, 1954 
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of potassium ions, high nitrogen level in nutrient solution) to fa\or 
protein synthesis or to counteract the tendency of the excised leaves to 
lose protein The incorporation of C^‘*-labe]cd ammo acids into excised 
discs of tobacco leaves is promoted by illumination, and cell-free prep* 
arations from such leaves incorporate ammo acids into the chloroplasts 
by a process that is stimulated by light and oxygen 
In tobacco plants infected with tobacco mosaic virus (p 185) there 
occurs a rapid multiplication of the \irus protein When infected 
tobacco leaves are infiltrated witli N^^H 4 C 1 , isotopic nitrogen appears 
in the virus protein, which is derived from nitrogen compounds (prob- 
ably ammo acids or peptides) that exchange more rapidlj with 
than do the extractable leaf proteins Tlic virus protein is not in metn- 
bohe equilibrium with the “metabolic pool,” since is onlj incorpo- 
rated in the virus protein of leaves which show active virus multiplication 
Once the virus inhctwn has run its course, the nitrogen of the viru? 
protein does not exchange wuth that of the cytoplasmic protein It 
would scorn, therefore, that the synthesis of the virus protein is csscntwllj 
irreversible, and, since this process removes products derived from the 
normal leaf proteins, tlieso intermediates arc lost as potential precursors 
for the synthesis of normal protein b> the infected leaf cell 

Protein Synthesis in Microorganisms 

The most distinctive evidence of protein synthesis by microorganisms 
is their multiplication, and the study of the rate and extent of microbial 
grow'th has provided an important means of experimental attack on the 
problem of the mechanism of conversion of amino acids to proteins in 
unicellular organisms As m other biological systems, the proteins of 
microorganisms ina> be considered to be domed from ammo acids 
supplied b> an external source or synthesized from ammonia and suitable 
carbon compound's It will be recalled that, among the bacteria, the 
organisms, that can utilize ammonia as the sole source of nitrogen for 
growtli are in general Gi am-negativc (p 193), and tiiat most Gram- 
positive organisms require the presence jn the medium of certain pre- 
formed amino acids Some of these indispensable ammo acids (cg > 
glutamic acid, lustidmo) do not enter the cell bv to diffusion, and 
cnergj derived from the carbohydrate raetaboiism of the cell is icqmrcd 
for their assimilation Other amino acids, such as Ij&inc and tjrosmCj 
appear to enter the cell bj a process indistinguishable from a simp c 
diffusion ^^hen nongrowing Gram-positive bacteria (eg, 

A n K Petrie, Biol lievi , 18, 105 (!&») 

^'’M h Sttpbca'on et a! Arch Btoekem and Biophys, 65, I91 (1050) 

«M Mencghmi and C C Delwehc,/ Biol Chem, 189, 177 (1951) 
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form'ition of asparagine Subsequent Tvork by Prianischniko\ provided 
strong support for tins hjpothesis 

When a lupin seed is germinated in the light, the accumulation of 
asparagine is as great as it is in darkness until expansion of the green 
leaf tissue begins The conccntiation of asparagine then diminishes as 
it, together ^ith the breakdown products of the reser\c proteins, is 
utilized for the synthesis of the proteins of the leaves The subsequent 
growth of the plant depends on tlic utilization of nitrogen of the soil (cf 
p 679) for the sjnthcsis of the proteins of stem and leaf tissues The 
over-all nitrogen metabolism of higher plants is somewhat difficult to 
studv , since plants do not exhibit a protracted period of nitrogen equilib- 
rium comparable to that of a mature animal How ev er, data from isotope 
experiments point to the existence of a “d> namic state” for plant proteins, 
analogous to that of the labile proteins of animal tissues Thus, Vickery 
et al®“ have shown that, when a mature tobacco plant is transferred 
into a nutrient medium containing for 72 hr, not only is 

incorporated into the plant proteins, but ako the amount of isotope 
so incorporated is greater flian would have been expected had all the 
been used for the sjnthciis of the additional protein required for 
the growth of the plant (Tablc4) Moreover, Hcvesj ct ol found that 

Table 4 Effect of Administration of N’^H^Cl to Tobacco Plants®^ 

Isotope concentration of JsHiCl in nutrient solution, 1 21 atom per cent 
excess N“ 

Leaf Stem 

Atom Per Cent Per Cent Atom Per Cent Per Cent 

Fraction Excc&s Replacement Excess Replacement 

Protein N 0 099 8 2 0 184 15 2 

Ammonn N 0 2C0 21 5 0 275 22 7 

Amide N 0 217 17 9 0 280 23 6 

N^® (from N^®H 4 +) is incorporated into the mature leaves of sunflowers 
in the absence of a change m leaf size As with animal tissues (cf p 
733), differences m the turnover rate of the proteins of individual plant 
tissues have been observed, and a separation may therefore be made 
between plant proteins undergoing rapid turnover and those that are 
relatively stable®^ Efforts to clarify the mechanisms of protein syn- 
thesis m plant tissues by the study of excised leaves haxe shown several 
factors (oxygen supply, presence of carbohydrate, optimal concentration 

B Vickery et al , J Biol CAem, 135, 531 (1940) 

G He\esA et al Compt rend trav tab Carlsherg Ser cfttm, 23, 213 (1940) 

F C Steward et al Nature, 178, 734, 789 (1956) 



746 GENERAL BIOCHEMISTRY 

Induced Formation of Bacterial Enzymes Manj microorganisms are 
able to “adapt” to the utilization of one of a variety of substances added 
to the culture medium bj forming an enzyme (or enzj’mc sjstem) that 
IS not evident v>hen the orgamsm is grown in the absence of the added 
substance This phenomenon is termed “enzjme induction,” and the sub- 
stance that elicits the response is an ^^enzyme inducer ” Poi example, 
the enz>me yS-galactosidase (p 432) appears in Escherichia coh when the 
organism is grown in the presence of j8-galactosidcs such as lactose (a 
substrate of the enzjrac) or methyl-yS-n-thiogalactoside (which is not 
hydrolj zed by the enzyme) Thus an inducer need not be a substrate 
of the enzyme whose foiraation it evokes, however, the inducer is taken 
up bj the organism, and participates m some unknown manner in the 
intracellular process of cnzjme formation 

In the induced formation of A-g^^^ftctosidase during bacterial growth, 
the enzjmc protein appears to arise from the constituents of the medium, 
rather than bj turnover of cell proteins For example, when Escheri- 
chia coh was grown m the presence of the labeled sulfur was 

incorporated into the protoms of the organism If such labeled cells were 
transferred to n medium containing unlabelcd sulfate and an inducer of 
^-galactosidase, the enzyme that appeared was found (upon isolation in 
partially purified form) to contain little or no This indicates that 
the labeled proteins of the growing cells did not contribute sulfur ammo 
Bcids to the formation of ^-galactosidase It appears hkel} that m a 
rapidl} growing cell population a “d>naraic state” of proteins is not 
evident (cf p 734) and that the sjnthcsis of proteins from the appro- 
priate nutrients is essentially a unidirectional process, with little or no 
intracellular protein breakdown 


Role of Nucleic Acids in Protein Synthesis 


The pioneer cytocheinical studies of Brachet"'® and of Caspersson 
showed a correlation between the mtensitj of protein synthesis and the 
content of pentose nucleic acid (PNA or RNA) m a wide varietj of 
cells Subsequent work has further documented this correlation In 
addition, studies on the induced formation of bacterial enzjmes have 


72 J Monod and M Cohn, Advancet tn Emyrnol, 13, 67 (1952), S Spicgelman 
et al iQ D McFiro> and B Glass, Amtno Acid Metabolism, Johns Hoplins 
Press, ^U.morc, 1955. M Cohn Bad Rem, 21, 140 (1957) 

7 J MoQod, m 0 H Gacbler, Fnzymea Vntia of Biological Stmetute and Func- 
tion, Acatlemjc Prc«H, New \ork, 1956 

’•B Solman ami S Spieeolmao J Sacl, GB, 419 (1954). D S Hogness ct a!. 
Btochim Ct Utophyi Acta, 16, 99 (1955) 

^ ^ Clisrgall ami J N Daiidsoa, The Nuelnc Acidi, Vo' !’• 
Chapter 2S Academic Press, Nc*- York. 1955 
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cocais aureus, Streptococcus fccalis) are maintained under conditions 
such tint protein sjntlicsis is prc\entcd, thc&e organisms can establish 
an appreciable intracellular concentration of free glutamic acid (and of 
certain other ammo acids) and assimilate the amino acid from the 
culture medium against a concentration gradient Houc\cr, if the 
nongroumg cclN arc supplied with all the amino acids that are indispen- 
sable for growth, the glutamic acid ^cmo^cd from the medium is 
incorporated into proteins, and free glutamic acid docs not accumulate 
within the cell Experiments with Ci^-labclcd glutamic acid in the 
medium indicate that the ammo acid can be incorporated into bacterial 
proteins c^en when protein santhcsis is blocked (eg, through inliibition 
of phenylalanine incorporation into protein bv p-chlorophenylalanine) , 
it appears tint glutamic acid may be incorporated by “exchange” with 
glutamic acid residues in the bacterial protein,*^® or by some other 
mechanism 

The role of peptides as possible intermediates in the bacterial con- 
\crsion of ammo acids to proteins is uncertain In many instances, the 
grow til response of a imcrobia] culture to a peptide is cquiialent to that 
obser\ed with mixtures of the component ammo acids, suggesting that 
the peptide is hydrolyzed by bacterial peptidases prior to utilization for 
growth Numerous examples arc known, howcier, of better growth in 
the presence of peptides than with the component ammo acids’® Tlio 
greater efficiency of some peptides (eg, of L-proline or of L-tyrosme) m 
promoting the growth of appropriate ammo acid-reqiunng mutants of 
Escherichia coli or of lactic acid bacteria lias been attributed to the 
“protection” of the essential ammo acid from destruction by bacterial 
amino acid deaminases or dccarbowlasos, these enzymes do not act on 
ammo acid residues of peptides Presumably, the essential ammo acids 
are gradually released by the bactciial peptidases, and utilized for 
protein synthesis However, this explanation docs not appear to hold 
in other instances, and the possibility exists that certain peptides may 
be utilized by some oiganisms without prior hydrolytic cleavage of the 
peptide bonds Of special interest m this connection is the growth- 
promoting activ ity tow ard Lactobacillus casei of peptides obtained by 
partial hydrolysis of some proteins (eg, insulin) Among the active 
peptides (grouped under the collective term “strepogenin”) is L-seryl- 
L-histidy 1-L-leucy I-l-v ah I-L-glutamic acid 

E F Gale, Advances tn Proiem Chem, 8» 285 (1953) 

r Gale and J P Folkes Btochem J 55, 721, 730 (1953) 

70 J S Fruton and S Simmonds, Cold Spring Harbor Symposia Quant Biol, 14, 
55 (1919), H Kihara et al J Biol Chem 197,801 (1952) D Stone and H Hober- 
man ibid, 202, 203 (1953), V J Peters et al , »6»d , 202, 521 (1953), J O Memhart 
and S Simmonds ibid, 216, 51 (1955) 

71 R B Mernfield and D H Woollej.J Am Chem 5oc , 78, 358, 4646 (1956) 



748 GENERAL BIOCHEMISTRY 

mococci and on the bacterial viruses have provided significant evidence 
for the vie\;^ that DNA represents the nuclear material which detemiines 
the inherited capacities of the entire cell, and ^\hlch is transmitted from 
parent cell to progeny (cf Chapter 35) For e\ample, exposure to ultra- 
\iolet light of pneumococci unable to utilize mannitol (strain !M~) gnes 
rise to a mutant (strain that can mctahohzc this substance 11 hen 
DNA prepared from the strain was added to the culture medium 
(containing mannitol) in which cells were grovsing, the ]M~ cells 
nere transformed into mannitol'Utilizing organisms, and acquired a 
mannitol phosphate dehj drogenase which they had not been able to 
form previous!) Thus a portion of the DNA of the Af“ strain had 
been altered by the mutagenic action of ultraviolet light, and this altered 
DNA could transform jM~ cells so as to enable them to form an inducible 
cjtoplasmic enzyme essential for the metabolic utilization of mannitol 
In the strain, the altered DNA is transferred from parent cells to 
progenv , and thus carries the genetic potentialitj for the s> nthesis of the 
enzj me 

The mechanism wliercbj the genetic information m the DNA of the 
nucleus is transmitted to the cjtoplasmic apparatus of protein sjnthcais 
IS unknown In view of the association of FNA with tins process, the 
possibility exists that specific RNA molecules are made m the nucleus 
under the influence of specific DNA molecules, and are then transferred 
to the cjtoplasm*- 

The recognition of the role of RNA and DNA m the intracellular 
synthesis of specific proteins has led to stimulating speculations about 
the role of nucleic acids as “templates” in protein sj nthesis^® In par- 
ticular, the DNA model proposed bj Cnck and IVatson (p 200) has been 
assumed as a ba^sis for further hjpotheses about tho manner m which 
the specific structure of a DNA molecule might cause tho specific align- 
ment of actuated ammo acid units in the sequence present in the 
completed protein However, much further experimental work is needed 
on the chemical structure of individual nucleic acids, and on the cnzjnuc 
mechanisms of protein sjnthcfais, before the status of such hj'pothcscs 
can be properlj assessed In connection with tlie possibihtj that ammo 
acid units maj be attaclied to nucleic acids in the process of protein 
svnthcsis, ifc may be added that the natural occurrence of inatenah 
composed of nucleotides and ammo acids has been reported,®* the mefS' 
bolic role of thes-c compounds remains to be elucidated 

81 J Alarmur and R D HotclA.^.s ^ B,al CAcw. 214, 383 (1955) 

82 D Ma 2 ii. in 0 H Gaeblcr, Fmymcs (jniin of Structure and Fun<U^> 

Academic Press Xtw iqgg 

8’A L Douoce, Emymoloyia, IS, 251 (1&52), Mature, 172, Sll (1953), b S 
LwVingcn and A G DeBusk, Proc Kail Acad 5ct, 41, 925 (1955) 

J L Poller and A L Dounte, / Am Chem &?c, 78, 3078 (195(5) 
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pro\ided important cMdcnce in fa^or of the Meu that RNA plajs a 
significant role in protein sjntlicsis Tlius Gale and Folkcs’® ha\c 
shonn that cells of Staphylococcus aureu’f, after partial disruption by 
supersonic vibration, arc still able to form inducible ^-galactosidase, but 
lose the capacitj to make the enzjrae if tliej arc treated vith nbonu- 
clcase AVitli Bacillus megatherium "protoplasts” (cells depri\cd of their 
rigid cell walls), obtained by treatment of the bacteria with lysozjme 
in h>pertonic solution, the addition of nbonuclcasc also decreases 
markedlj the formation of induced ^•galactosidasc It would appear, 
therefore, that hjdroljsis of intracellular RNA b> nbonuclcasc destroys 
an essential participant in protein sjnthcsis Tins conclusion is further 
suggested b> the cfiect of nbonuclcasc on the incorporation of amino 
acids into proteins bj the microsomal fractions of h\er homogenates 
(cf p 735), bj amoebae, and bj onion root tips^® Although there is 
considerable OMdcncc to show a close relation between cellular RNA and 
c>tDpla«.mic protein s>nthcMS, the details of this metabolic interde- 
pendence are unknown The possibility exists that, in some instances, 
polynucleotides may promote oxidatuc phosphor) lation (cf p 384), thus 
fa\oring ammo acid incorporation b> the increased generation of ATP 

It will he recalled that the plant xiruscs are nuclcoprotcms containing 
RNA, and that the nucleic acid portion appears to he responsible for the 
mfectnity (cf p 200) These infective RNA molecules induce the 
cellular replication of their structure, and the increase in amount of 
the foreign RNA in an infected leaf appears to alter the normal cyto- 
plasmic pathways of protein synthesis, with the formation of abnormal 
proteins 

Whereas the pentose nucleic acids are largely present in the cyto- 
plasmic components of Iwing cells, the dcoxypentose nucleic acids 
(DNA) are localized in the cell nucleus (p 193) The incorporation of 
ammo acids into the proteins of isolated calf thymus nuclei appears to 
depend on the presence of DNA, since treatment of such nuclei with 
deoxyribonuclease causes a loss of incorporating nctuity , the addition 
of DNA preparations to dcoxyribonuclcasc-trcated nuclei leads to a 
reco\ery of the actiMty 

The cell nucleus contains the genetic apparatus for the transrai'ssion of 
inherited characteristics Studies on the transforming principles of pneu- 

70 E F Gale and J P Folkcs, Biochem J, 59, 661, 675 (1955), E F Gale 
Haney Lectures, 51, 25 (1957) 
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R Jeener Biochim et Btophys Acta, 23, 18 (1957) 

88 V G Allfrej et al , J Gen Physiol , 40, 451 (1957), Proc Nall Acad Set 43 
589 (1957) 
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In the preceding chapter it was noted that, if an ammo acid (eg, 
leucine) labeled with N*® is administered to an annual, a number of the 
ammo acids of the mixed hver proteins arc found to contain It 
must be concluded, therefore, that the mnmmahan organism can utilize 
the nitrogen of leucine in the biosynthesis of other amino acids That 
this may be true of the nitrogen of ammo acids other than leucine is 
implicit m the concept of indispensable and dispensable ammo acids 
Clearly, if the growing rat can satisfy its entire dietary requirement for 
protein nitrogen with just ten ammo acids, tlic nitrogen of some if not 
all of the essential compounds must ser\e as the dietary precursor of 
the ammo nitrogen of the dispensable ommo acids synthesized tn vivo 
during the deposition of new protein m the tissues 

Two general metabolic mechanisms are Inown for the utilization of 
the ammo nitrogen of one ammo acid m the formation of another ammo 
acid The first mecliamsrn involves the initial separation of the nitrogen 
from the carbon chain of one amino acid bv the process of deamination, 
and the utilization of the ammonia so formed for the synthesis of other 
amino acids In the second general mechanism, free ammonia is not 
formed, and the nitrogen is transferred directly in a transamination 
reaction Both deamination and transamination have been shown to 
occur not only m animal tissues but also in higher plants and micro- 
organisms It will be seen from the discussion in Chapter 32 that these 
two tvpes of reactions play an important role in the metabolism of ah 
the protein ammo acids 

A valuable reference work on the metabolism of ammo acids has been 
prepared by Meister^ 

I A Meistcr Biochetnistry oj the Ammo Adds, Academic Press, New "iorK, 193 ^ 
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Of specnl interest is the obsenation that, v\hen some bactern (eg, 
Staphylococcus aureus) arc treited T\ith penicillin (p CO), undine 
nucleotides linked to peptides accumulate in the celN®' The pre- 
dominant nucleotide-peptide compound appe irs to be composed of 
uridme-S'-pyropho-'phatc (UDP), m amino sugar (possibl> 3-0-car- 
bo\jetbjl-N-acet 5 lglucosamine), and a peptide containing d glutam\l, 
L-l>sjl, L-alan^l, and n-alanyl residues (ratio of glutamic acid/ljsine/ 
alanine of 1/1/3) Subsequent A\ork demonstrated tiie presence, in cell 
ualls of S aureus, of a material composed of an aminohc\ose, glutamic 
acid, Ijsinc, and alanine in similar proportions The po&sibilitj exists 
therefore that transgl) cosidation reactions ln^ol\lng UDP dcrnatl^es 
(cf p 464) occur in the bios\nthesis of peptide and protein constituents 
of bacterial cell ualls, and that these reactions are blocked b\ penicillin 
interfering ^ith the formation of cell walls, penicillin induces the 
formation of bacterial protoplasts 

8-J T Park J Biol Chem, 194, 877,885 897 (1952) 

8''J T Park and J L btrommptr Science, 125, 99 (1957) 

87j Lederberg Proc t\atl Acad 5ri, 42, 674 (1950), F E Halm and J Clark, 
Science, 125, 119 (19o7) 
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from rat liver and kidncj, cnzjmc preparation's nhich act spccificallj 
on the t-forms of a %anetj of ammo acids (Tabic 1), the cnz>mic 
activity IS afcsociated with a flavoprotcjyi v^hiclj contains FMN t-Ammo 
acid oxidase occurs in snake venoms, the enzyme has been purified from 


Table 1. Specificity of Some Ammo Acid Oxidases'^ 
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Rat Kidnej 







(Purified 

(OH free 





i- or £)*Amino 

P« 7 » ration) 

extract) 

AeurMpora 

Cobra 

Sheep 

yeumpera 

Acid Used as 

Relative 

JUialm 

enuaa 

Venom 

Kidney 

crMia 

Substrate 

Velocity 

V elocity 

<?o*t 

Qot 

eojt 

Qoi) 

Q>cine 

0 

0 



0 


Aiamjie 


0 

41 

0 

64 

0 B 

Valine 

2^ 

0 

fi 

D 

35 

X 2 

Lcueine 

100 

01 

78 

77 

13 9 

0 5 

leolcucirii' 

?} 

IS 

33 

0 

22 

0 2 

Senoe 

Q 

0 

8 

0 

42 

0 

Threosiae 

0 

0 

2 

0 

2 1 

3 

Methuinine 

81 

M 

40 

w 

80 

0 0 

Cystine 

15 


SO 

0 

1 9 

0 

L>sine 

0 

0 

14 

0 

oe 

0 

AkfuJae 

0 

30 


23 



Onuthi&« 

0 

0 

SI 

0 

3 X 

0 

Prolise 

77 

0 

0 

0 

X4S 

0 

Olutamic and 

0 

0 

0 

0 

0 

07 

AsTArtieand 

0 

0 

s 

0 

X 4 

0 3 

Histidioe 

9 

33 

7S 

0 

62 

0 6 

PheoyUlaotDs 

45 

100 

S2 

XU 

26 

i 2 

Tyrosiua 

SO 

flZ 

34 

246 

X90 

0 3 

Tryptophan 

40 

88 

27 

7S 

ST 

0 


f Oo •• »i! of Oj *b*orbpd per milliRratn of dry weuthl eotyme prepsrsHon per hour 


mocca«Jn \cnom,® and shown to be a fla\oprotem containing FAP This 
preparation is the most active of the known ammo acid oxidases, baMWg 
a turnover number (p 211) of 3100, compared to approximately 2000 
for purified mammalian D-aroino acid oxidate and 6 for matnniahan 
t^atnino acid oxidase n-Amino acid oxidase preparations also hfl'e 
been obtained from several microorganisms {eg, Protevs vatparis, 
j^eurospora crasba^) , the latter organism contains a n-amino acid oxidate 
as well (cf Table 1) 

Gljcme, wlijcli js: not attacked bj any of the known n- or n-ammo acid 
oxidases, js dcaminatid bj a specific gljctne oxidase (found in the hvcr 
or Vidncj of mammals'*) which catalyzes the degradation of gf>cine to 

liT P Siogtr -lati E 11 Kevrncs, Arch Stockem , 27, 3tS, 29, 190 (1950) 

6 V K Stuinpf and I> p, Gr<^n, / i3»el Chtm , 153, 3&7 (1914) 
r A E Bender H A Krcha, fiwdictn J , 46, 210 (1950) , K Burton tbiiy 
50, 25S (1951) 

»S Uatnrr ct al j Stol CActa, IS2, 110 <1944) 
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Deaminafion of ar-Ammo Acids ‘ 

It has been known since the work of Ncubaucr (1909) and of Knoop 
(■1910) that mammalian tissues can deaminatc ammo acids to gi\e rise 
to koto acids Perhaps the most decisive contribution to tlic under- 
standing of the mechanism of this conversion came from the studies of 
Krebs, wlio showed that the kidney and liver of man> animals contain 
enzjnics which produce ammonm from amino acids with the concomitant 
uptake of oxjgen In a quantitative study of tlie oxidative deamination 
of alanine to pjruvic acid, b\ preparations of the liver or kidncj of a 
wide varietj of animal species, Krebs observed that approximately 1 
mole of oxjgen was consumed for cverj 2 moles of ammonia formed 
R R 

NHoCHCOOH + J02 -* O=CCO0H + NHj 
This oxidative deamination was postulated b> Ncubauer and Knoop, as 
will be seen from the subsequent discussion, the equation describes the 
summation of several consecutive reactions 
From a comparison of tlio relative rates at which rat kidnej slices 
deaminated a senes of l- and D-amino atids, Krebs concluded that some 
members of the n-series are attacked more rapidlj than arc the i-cnantio- 
morphs, and that different cnzjmcs (o-amino acid oxidases and L-amino 
acid oxulnscb) arc involved in tlic deamination of the two sots of optical 
antipodes These conclusions received support from the observation 
that the D-vraino acid oxidases of kidnej or liver could readily be 
extracted with water, whereas the L-amino ncid oxidases remained bound 
to the tissue Also, m the crude tissue prcparvtions, the t-amino acid 
oxidases were inhibited by HCN or octanol, whereas the D-araino 
acid oxidases were insensitive to these agents Subsequently, the d- 
ammo acid oxidase of sheep Kidnc> was purified appreciablj, and shown 
to be a flavoprotein containing FAD (p 335) This enzjrae onlj 
catalyzes the oxidative deamination of o-ammo acids (Table 1), it is 
inactive toward L-amino acids as well as gjjcmc D-Ammo acid oxidise 
activity has also been found m microorganisms (bacteria and fungi) 
Despite the widespread distnbution of n-amino and oxidases, their 
physiological role is unknown at present 
Although Krebs was unable to separate an enzvme with L-ammo acid 
oxidase activity from the tissue particles, Blanchard et al ■* obtained, 

2 II A Krebs, m J B Sumner and K MyrbacK, The Emi/me$, Academic Press, 
New York, 1951 A RIeister jn W D McEIroy and H B G]a«s Ammo Aad 
Metabolism, Johns Hopkins Press Baltimore, 19a5 
A Krebs Biochcm J , 29, 1620 (1035) 

<M Blanchard et al, / Biol Ckem, 155, 421 (1944), 161, 583 (1945) 
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of catalase, the hjdrogen peroxide oxidizes the keto aoid to the next 
lower fatt> acid i^ith the evolution of carbon dioxide, and the over-all 
reaction is 

NHs— (CHR)— COOH + O2 -> RCOOH + CO2 + NH3 


In order to isolate the keto acid formed by oxidative deamination, it 
is necessary to add catalase if it is not already present m the enzjme 
preparation, or to add a compound such as ethanol which is preferentially 
oxidized by the hjdrogen peroxide 
The D- and L-ammo acid oxidases are valuable enzymic reagents for 
the identification and quantitative estimation of individual optically 
acti\e amino acids They are also useful in the preparation of l- or 
D-ammo acids fiom the corresponding racemates, and of o-keto acids'^ 
Among the compounds that are not deaininated by the L-amino acid 
oxidases is L-glutamic acid The oxidative deamination of this ammo 
acid to the corresponding keto acid, a-ketoglutanc acid, is effected by the 
videly distributed enzyme L-glutamic deliydrogenase, vhich catalyzes 
an oxidation-reduction leaction between L-glutamic acid and either DPN 


CH2GOOH CH2COOH 

ins Ahj 

NHj— in— COOH + DPN+ ;=± NH=-<!:— COOH + DPNH + H+ 


L-Olutamie acid 


a InuQoglutano acid 


or TPN The rexersible dehydrogenation of t-glutamic acid to the 
hypothetical «-iminoglutanc acid (cf p 753) is followed by the spon- 
taneous hydrolysis of the imino acid to yield ammonia and a-ketoglutaric 
acid The enzyme has been crystallized from beef lixer^" and found to 
contain zinc 

As vill become evident from the subsequent discussion of ammo acid 
metabolism, the fact that the reactions between L-glutamic acid and the 
pyridine nucleotides aie readily rexersible is probably of prime impor- 
tance in the nitrogen metabolism of all living systems Clearly, the 
rexprsible comersion of L-glutamic acid to a-ketoglutanc acid, which is 
a member of the citric acid cycle (p 508), serves also as a link between 
the metabolism of this ammo acid with the metabolism of carbohydrates 
In some organisms, similar considerations apply to the intercom ersion 
of L-alanine and pyruMc acid, thus a DPN-specific L-alanine dehydro- 
genase has been identified in Bacillus subtihs 


^ C/iem, 192, 535 (1951), 197, 309 (1952) 

^ ® Anfinson J Biol Chem 197, 67 (1952), 202, 841 (1953) 
14 ? w Am Chem Soc, 77, 5196 (1955) 

J fli W lamc and A Pierard, Nntwe, 176, 1073 (1955) 
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'vmmonia and gljo\jIic acid, tins enzyme is also believed to be a fla\o- 
piotcm and to contain FAD 

NH 2 CH 2 COOH + ^02 NH 3 + OHC— COOH 
Sarcosine (N-metli> Iglj cine) is converted, in the presence of gljcme 
oxidase, to nicthjlamine and pljoxjlic acid TJic oxid itne deamination 
of gl>cinc has also been demonstrated with cnzvme preparations from 
various bacteria 

The several flavoprotcins that cataljze the oxidative deamination of 
ammo acids can use as the ultimate electron acceptor molecular oxjgon, 
which IS reduced to hjdrogcn peroxide (cf p 338) In anaerobic sys- 
tems, methjlene blue can serve as the electron acceptor, and the oxidative 
deamination of the ammo acid is accompanied by the reduction of the 
dje to the Icuco form The aerobic deamination of an ammo acid to a 
keto acid inaj be described b> equations 1 through 4 as shown Accord- 

li H 

1 1 

(1) NHz— CH— COOH -f* flavin NH=C— COOH + flavinHz 

II K 

(2) NH=(!;-C00H + H 2 O -> 0=C— COOH + NHs 

(3) FlavmHa -f O 2 — ♦ Flavin + H 2 O 2 

W H202 -> H 2 O + j02 

E R 

NH 2 — (i-H— COOH + JO. -I 0=(!:— COOH + Nils 
mg to this formulation, reaction I gives n^c to an a-imino acid that is 
unstable m aqueous solution, and is lijdroljzcd spontincouslj to the 
corresponding keto acid and ammonia (reaction 2 ) ® In some instances, 
however, the initial dchjdrogenation reaction maj vield an unstable 
a,/?-iinsaturated ammo acid, which undergoes spontaneous hjdroljsis 


CH2R CHR CH2R 

I ^11 1 

NH2— CH— COOH NH2— C— COOH 0=C— COOH 


+ NH3 


The possibility exists that neither the iraino acid nor the ft,/3-unsaturated 
ammo acid is formed as a free intermediate, and that the hjdroljsis 
occurs while the dehydrogenated substrate is> attached to the fiavoprotem 
In the oxidative deamination of ammo acids, the hydrogen peroxide 
formed m reaction 3 is decomposed, in the presence of enzyme prepara- 
tions containing catalase (p 365), to water and oxygen In the absence 

®C Frieden and S F Vehek, Bioehtm el Biophys Ada 23, 439 (1957) 

10 G Taborskv Yale J Biol and Med, 27, 267 (1055) 
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of ■?\ater are reino\ed m the presence of the enzyme senne dehydrase 
(found m mamraahan livcr^) , the resulting a-ammoacrj’lic acid is un- 
stable and rearranges to a-itninopropiomc acid, xvhich is hydrol>zcd in 
natcr to jield ammonia and pyruvic acid L-Threomne is also acted 

CH2OH CH2 

NHa— COOH ^ NKj— G-COOH — 

vSenoe 

CHa CHs 

NH=<[^-COOH 15 ? 0=C— COOH + NH3 

upon by an analogous enzyme, i,-thrconme dehydrasc, and the products 
of the dehydration of threonine are ammonia and a-ketobutync acid 
Many microorgamsnib (bacteria, molds, yea*'!) doaminate L-senne and 
I'threoninc by these nono\idali\c reactions, but it is uncertain whether 
there is a specific dehydrase for each of these ammo acids In addition, 
E coll and Neurospora^^ contain a D-senne dehydrase that also acts 
pIottIj on D'thrconine As shonn initially for tlic D-serinc dehydrase of 
E cokr^ and subsequently confirmed for Uic other enzymes, the activity 
of all the dcliydrases invohes the participation of pyndoxal phosphate 
(p 761) as a cofactor 

An enzyme closely related to scrinc dehydrase is knonm as cysteine 
desulfhydrase, and it catalyses the removal of the elements of hydrogen 
sulfide from t-cysteme-^ The distribution of cysteine desulfhydrase in 

CHsSH CH2 

NHj— cH~cooH nh^—c— cooh 

CH, CHs 

NH=i— COOH i 5 ? 0=i— COOH + NBa 
nature is similar to tljat of serine dehydrase, it has been found in animal 
tissues (chiefly m liver), yeast, and many bacteria®'' I*ike the dehy* 
drases, the cysteine desuUhydrascs arc pyridoval phosphate-dependent 
enzy mes 

20 E Chargiff and D B Spniy:on J Btol Ckem . 151, 273 (1913) , F W SiJTe 
aad D M Grpcnhcrg xbul , 220, 787 (1956) 

21 A B Pardee and L S Presl«5ge, J Bad , 70, 667 (1935) , H E Urobarger and 
D Brovm, thd. 71, 443 (1956), 73, 103 (1957) 

22 C yanofAj J Biol Chem , 198,313 (1952) 

23 D E MclsIerandC E Snell, / Btol Chem, 198, 363 (1952) 

2<C V Smytbe, / Btol C/.efn , 142, ^ (1942) 

Binkley,/ liwl C/<rm , 150, 261 (1913), R E Kalho, ibiJ, 192,371 (19^1)* 
M A Metatas and E A Delwicbc, / floct , 70, 733 (1955) 
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All the reactions that hnae been considered thus far as mechanisms 
bj which the C — N bond m an ammo acid may be clca\cd are oxidatne 
processes and guc rise to ammonia and «-keto acids There are, how- 
e\er, other reactions nhercbj such clcaangc is effected For example, 
the deamination of L-aspartic acid to jicid fumaric acid (p 240) is 
catalyzed b> the enzjmc aspartame, found in Escherichia coli^^ and other 
microorganisms,*® but not in mammalian ti«Mics Altliough animal 
tissues ha\c been observed to form ammonia rapidly from L-aspartic 
acid, this process apparently is not due to a direct deamination of the 
ammo acid (cf p 7GQ) However, an enzyme termed n-aspartic acid 
oxidase, found m rabbit liver and kidney, catalyzes the oxidation by 
molecular oxygen of n-aspartic acid to oxaloacetic acid This enzyme 
IS a flavoprotein and contains FAD It is almost inactive toward other 
D-amino acids and appears to be different, therefore, from the p-amino 
acid oxidase first found by Krebs 

An enzyme analogous in its action to aspartasc but specific for the 
deamination of L-histidmc to urocanic acid (so called because it was 
first isolated from dog urine) is prc«!cnt m bacteria,*^ and has been 
named histidino«a-dcaminasc or histidasc Preparations from mam- 

CH— N CH— N 

II / I / 

C NH -* C NH + NHs 

CH 2 CH 

NHj— in— COOH CH— COOH 

Iliatidme Urocanio acid 

malian (rat, cat, and rabbit) liver also have been shown to form urocanic 
acid from histidine *® Urocanic acid is present in guinea pig epidermis, 
and urocanylcholme (murexine) occurs in some mollusks An enzyme 
analogous to histidine-o-deaminase, but which acts on tyrosine, has been 
observed in Bacillus proteus 

L-Senne is another ammo acid whose enzymic deamination can be 
accomplished by means of a nonoxidative reaction Here the elements 

15 J H Quastel and B tV oolf, BiocAcm /, 20, 545 (192b), E F Gale, t&id 32, 
1583 (1938) 

18 N Ellfolk Acta Chem Scand , 8, 151 (1954), 9, 771 (1955), V R Williams 
and R T Meintjre J Biol Chem 217, 467 (1955) 

11 H Tabor and O Hajai'.hi, J Btol Chem, 194, 171 (19o2), R L Wick- 
remasinghe and B A Fr\ Biochtm J 58, 268 (1954) 

18 D A Hall Btochem J 51, 499 (1952), A H Mehler and H Tabor J Biol 
Chem 201, 775 (1953) 

18K Hirai, Biochem Z , 114, 71 (1921) 
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3 The reductive deamination of glycine to acetic acid by DPNH (or 
by molecular hydrogen m the presence of DPN+) The utilization of 
Ho for reducti\e deamination has been observed ixith other anaerobes 
and with facultatne aerobes studied under anaerobic conditions, these 
organisms contain the enzyme hydrogenase {p 676) Steps 1 and 2 lead 
to the formation of 2 equivalents of DPNH, which can effect the reduc- 
tion of 2 equivalents of gljcme to acetic acid, thus accounting for the 
stoichiometry of the over-all reaction wntten abo\e In addition to 
the “gljcine reductase" system, preparations of Cl sporogenes contain a 
"proime reductase” sjetem which convert t-prohne (p 70) to S-amino- 
\alenc and {NHjCH2CH_jCH2CH2G00H) IT hen the reduction of 
proiinc is coupled to the oxidative deamination of alanine, the o\er-all 
Stickland reaction is 


n-Alanme -f 2 n-prohne - — W 

Acetic acid -{- 2 5-ammo\alenc acid -f NH3 -f- COi 

Although the oxidatue and reductive processes m the Stickland 
reaction imohe the participation of the DPN system, it is not known 
whether is the immediate electron acceptor or whether DPNH 
the immediate electron donor in the conversion of tlic ammo acids 
Indeed, for the prohne reductase ^stein from another Clostndium 
(strain HF), it is probable that a direct reaction befcw'cen prohne and 
DPNH does not occur It may be added that this strum aho contains 
a specific glycine reductase sjstem which dcaramates glycine to acetic 
acid only in the presence of inorganic phosphate and of ADP, and that 
the deamination is accompanied by the formation of ATP^* It would 
appear, therefore, that both the reductive and oxidatu e processes charac- 
teristic of the Stickland reaction can serve as sources of energy for the 
sjnthesis of ATP 

Regardless of the enzymic mechanisms involved in the metabolic 
deamination of protein ammo acid'?, it will be obvious that, ‘•ince many 
0 t le reaction^ di&cu‘'Scd above are readily reversible, thej provide 
mfta 0 jc pathwajs for the addition of ammonia to a number of non- 
ni rogenous carbon compounds (a-ketog!utaric acid, pyruvuc acid, oxalo- 
acetic acid, fumnne acid, etc ) Thus the ammonia formed by the 
eamina am of one ammo acid, or supplied m the diet as an ammonium 
sa , maj e used for the sjnthesis of other ammo acids, provided that 
the requisite carbon skeleton is available In fact, Schoenhcimer dem- 
onstrated that the administration, to adult rats, of N^s^ammomum salts 
ea s o le appearance of the isotope in the ct-ammo groups of roanj 


“T C ^ Biochem J, 32, M3 (1938) 

™ “'“I P Elliott, / ylm Chem Soc , 78, 2020 (1936) 
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The ammo acids L-liomoserine (p 790) and L-Iiomocj stcine (p 794) 
are also deaminated cnzjmicallj bj nono\idatnc reactions, with the 
formation of a-ketobutyric acid The deamination of homoserine has 
been demonstrated with rat h\er preparations, and that of homocj stcine 
with Proteus morganii, the bacterial enzyme svstem is known to require 
pyrido^al phosphate for maximal activity 

Some of the strictly anaerobic microorganisms such as Clostridium 
sporogenes and Clostridium botubmim employ special methods for the 
deamination of amino acids ^ Sticklnnd reported m 1934 that, although 
suspensions of w ashed bacterial cells do not produce ammonia from any 
unsupplemented ammo acid, some ammo acids arc deaminated by the 
cells in the presence of organic dyes that can serve as oxidizing agents, 
whereas other amino acids aic deaminated m the presence of dyes that 
serve as reducing agents If one ammo acid from eacli group is added 
to a cell suspension, there occurs an intcnnolccular oxidation-reduction 
reaction with the concomitant production of ammonia Tlie protein 
ammo acids have been classified into two groups on the basis of their 
behavior in the so-callcd “Stickland reaction” those that act as reducing 
agents (eg, aMnine) and those that act as oxidizing agents (eg, 
glycine) For example, when givcine and alanine are incubated together 
with Cl sporogenes under anaerobic conditions, the over-all reaction is 

L-Alamnc + 2 gly emc 3 Acetic acid + 3 NHs + CO 2 

Experiments with enzyme preparations from Cl sporogenes indicate that 
this reaction involves the following steps 

1 A reversible oxidative deanimation of L-alanine to pyruvic acid 
by a dehydrogenase system for vvhicJi I)PN+ and inorganic phosphate 
arc essential This L-amino acid dehydrogenase system also acts on 
L-v aline, L-lcucme, and t-ieolcucme to yield the corresponding a-keto 
acids Under anaerobic conditions, DPNH accumulates, aerobically, 
with methylene blue as an electron carrier (cf p 334), oxygen is the 
terminal electron acceptor In either case, when ADP is added to the 
incubation mixture, ATP is formed 

2 The oxidative decarboxylation of pyiuvic acid to acetic acid by an 
Q-keto acid dehydrogenase svstem, which requires the presence of DPN+, 
coenzyme A, thiamine pyrophosphate, and inorganic phosphate The 
decarboxylation iniohes the intermedtato formation of acetyl phosphate 
(via acetyl-CoA) as m other bacterial systems (cf p 482) 

2*»B Jsisman, Bncl Itevs, 18, 16 (1951) 

srD D Woods Biochem J 30, 1934 (1936) 

Mamelak and J H Quastel, Biochtm et Biophys Ac(a, 12, 103 (1953) 
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Cohtn® provided e\idence for the CMStence of only tno transammatmg 
systems in suNine heart muscle 

(l; L-Glutamic acid + o\aloacetic acid ^ 

a-Kctoglutanc acid + L-aspartic acid 
( 2 } I -Glutamic acid + pyrmic acid 

«-KetogIutane acid -}- L-alanme 

The equilibrium constants m reactions 1 and 2 {at 25“ C) are about 6 7 
and i 5 rebpcctucly These t^o transamination reactions art known 
to occur in a \ ariety of animal tissues, in liigher plants, and in many 
microorganisms 

The enzymes f transaminases) tliat catalyze reactions 1 and 2 ha^e 
been studied mtcnsncly, first those of mammalian rau«cle and later 
those m Streptococcus jecahs Green ct al prepared from snine heart 
t^o partialij purified cnzvmes one catalyzes reaction 1 and ma> be 
termed glutamic-aspartic transaminase (also termed glutamic-oxaloacctic 
transaminase), the other cataljzcs reaction 2 and is termed glutamic- 
alanmo transamina^-c (or glutamic-pjmic transaminase) The existence 
of the glutamic- ispartic transaminase helps to explain the deamination of 
L-aspartie acid bj tissues that arc devoid of aspartase (p 755) but 
contain glutamic dchj drogenase 


L-Aapartic acid a-Ketoglutanc acid x^^im3+ DPNH + 

tnuuamuaM ] 

A 


Oxaloacetic aad ' 


t d«l7droaeEiu« 

L-GIatanwcacjd ^ ^ HjO + DPN+ 


Studies on the purified glutamic-aspartic transaminase of Sfrepto- 
coccus fecahs showed it to consist of an enzjme protein and the cofactor 
p>ndoxa! phosphate*^ tp 761), a member of the group of substances 
designated Mtamin Bj. (Chapter 39) Indeed, almost all of the known 
enzymic tran'-ammation reattions ha\c been shown to require the 
participation of pjridoxal phosphate 
The first indications of the role of i itamm Be in transamination came 
from the ob^eiwation that the tissues of Bc-deficient rats ha\e low 
transaminase actiMtj sub*-equtnt work has confirmed and extended 
these finding'! it ^as aBo found that, when S fecahs {which normalK 


37 w 33 , I47S (1939), J Biol Chem, 136, 565 (1910) 

3 IS i J 51, 82 (1953) 

ll?r S •' 161. 559 (1915) 

« M Bnri f ^ ^57, 425 (1945) 

«M Bnaetal,y Biol Cftem . 210. 43S (IflM) 
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protein ammo acids, some of which arc classified as indispensable This 
result IS readily understandable in the light of the fact that certain of 
the indispensable ammo acids (eg, trjptophan, histidine) maj be 
replaced in the diet of the growing rat bj the corresponding a-Leto acids 
In these cases, the indispensable nature of a particular ammo acid is a 
reflection of the mabihtj of the ammal to synthesize the carbon skeleton 
of that ammo acid, rather than to introduce the a-ammo nitrogen 


Transamination Reactions^®" 


As noted at the beginning of this chapter, metabolic reactions are 
known in which the «-amino nitrogen of one ammo acid is transferred 
directly to the carbon skeleton of another ammo acid In such trans- 
amination reactions, an ammo acid and a keto acid interact, as shown, 
under the influence of specific enzymes It now appears probable that 


R R' 

NH2CHCOOH + 0=ic00H 


0 = 


R R' 

icOOH + NH2CHCOOH 


this mechanism represents the most important metabolic pathway both 
m the formation and m tiio deamination of many ammo acids 
A typical transamination was first observed by Herbst and Engel®® in 
model systems, thus, when a mixture of a*ammopheny)acetic acid and 
pyruMC acid in water is heated, alanine, bcnzaldchy do, and CO 2 are 
formed Prcsumablj, the latter two products arise from the decompo- 
sition of phcnylglyoxyhc acid More recently, the nonenzymic trans- 


CfiHs CH3 

NH 2 iHC 00 H + 0=ic00H 


CcHs CH3 

• (!;ho + CO 2 + NH 2 CHCOOH 


amination between gljoxjlic acid (p 772) and several «-amino acids 
(alanine, aspartic acid, glutamic acid) at pH 7 4 and 25 to 30° C has 
been shown to yield glycine and the corresponding a-keto acids 

The first definite evidence for the presence in animal tissues of enzymes 
that catalyze such reactions was provided by Braunstem and Kntz- 
mann,®® who reported that, in minced preparations of pigeon breast 
muscle, any a-amino acid, with the exception of glycine, could yield its 
ammo group either to a-kctoglutanc acid to produce L-glutamic acid or 
to oxaloacetic acid to produce L-aspartic acid Subsequent work by 

32 A Meister, Adtances tn Enzymol , 16, 185 (1955) 

33 R M Herbst and L L Engel, J Biol Chem, 107, 505 (1934) 

3^ H I Nalvada and S V^Clnhouse, J Biol Chem , 204, 831 (1953) 

35 A E Braunstem and M G ICritzmann, Enzymologia, 2, 129 (1937) 
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Although pjndoxine (Chapter 39) has vitamin Bq activity for many 
organi‘'ms, crystalline pyruloxme phosphate (^hich contains no aldehyde 
or ammo group) docs not serve as a cofactor m transamination In 
fact, pyndoxinc phosphate and deoxypyridoxme phosphate inhibit trans- 
amination, presumably because they combine \Mth the enzjme protein 
at the site normally occupied by pyridoxal phosphate or pjndoxamme 
phosphate The inhibitory action of deoxypyndoxine phosphate on 
enzymic transamination may account for the “antivitamin” action of 
deoxypj ridoxinc in vivo 

The development of extremely sensitive analytical methods, in\ohing 
chromatographic, spectroscopic, manometnc, or isotope techniques, has 
kd to the recognition of a -aide variety of transamination reactions in 
biological systems (Tabic 2) The known reactions may be divided 
among five general types, many of the specific reactions will be con- 
sidered in Chapter 32 in relation to their role m the metabolism of 
individual ammo acids 


Table 2 General Types of Transamination Reactions 


T>pe General Reactions 


Occurrence 


1 iwn-Amino acid -h a-kctoglutanc acid ^ 

a-Ktto acid -h L-glutnmic acid 

2 n-or-Ammo acid + o-ketoglulanc acid ^ 

a-Keto acid -f n-glutamic acid 

3 'y-Aminobutj no acid a-Ketoglutanc acid 

Succinic spmiaUkhydc + L-gluHinic acid 
i/-Ornithme + a-keto acid 
i>-GIutamic-7-scranldeh>dc + n^-amino acid 

4 n-Olutamme + a-keto acid — » 

a-Ketoglutaramic acid + li-a-ammo acid 
n- \sparagme 4- a-keto acid 
a-Ketosuccinamic acid 4- n-a-amino acid 

5 li-a-Amino monocarboxyhc acidi 4- a-keto mono- 

carboxjlic aciclj a-Keto monocarboxjUc 
acidj 4* n-a-ammo monocarboxyhc acidj 


Animals, plants, and 
microorganisms 
B svhtibs, B fln- 
Ihracis 

Brum, microorgan- 
isms 

Li\cr, Wewrosporo 
Ll^er 

Liver, lugher plank 

Animals, nlints, and 
microorg-nisms 


It IS now known that glutamic-aspartic transaminase and glutamic- 
alanine transaminase are two members of a much larger group of 
enzymes that catalyze reactions of type 1 At least two bacterial forms, 
which contain n-amino acids (cf p 769), have transaminases that are 
specific for such enantiomorphs^** (type 2) In many transamination 
reactions, w-ainino aeids (rather than o-amino acids) serve as ‘‘ammo 
group donors'% here aldehydes are formed” (type 3) Specific trans- 

Ir O P Ct al , / Brel , 6 % 357, 70, 420 (1955) 

5S7 al . 7 Biol Chem , 201, 385 (1953) , A Mcister, ittd, 206, 
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requires an evternnl source of \itanim Bg for growth) is grown m a 
medium low in tins Mtninm, the bacterial cells c\hibit onlj slight trans- 
aminase actiMtj , the addition of pjndo\al phosphate to suspensions of 
such deficient cells produces full cnzjme acti\it> 

Braunstem and Kritzmann first suggested that transamination is 
accomplished bj a direct condensation reaction between the amino and 
keto acids to form a labile intermediate Scliiff base which then undergoes 
rearrangement and hjdioUbis With the disco\cr> of the role of p>ri* 
do\al piiosphate m enzjmic transamination, ind the demonstration bj 
Snell (cf p 769) tliat nonenzjmic transamination occurs m model 
systems between pjridoxal and glutamic acid, or between p\rido\ammc 
and a-ketoglutaric acid, it was suggested tiiat pjrido\al phosphate and 
pjndoxamine phosphate act as intermediates m biological transamina- 
tions ■*“ The initial reaction between an amino acid substrate and the 
aldchjdio form of the cofactor to >icld a keto acid and pjndoxamine 



HO CH 3 

phosphate 


phosphate is illustrated in the accoinpanj ing equations According to 
this hypothesis, the p>rido\amine pho«;phate then donates the ammo 
group to another a-keto acid b> re\en5al of the reactions shown 
Direct experimental cMdcnce for tlie role of pjridoxamine phosphate 
was obtained onl> after tlie crystalline compound became a\ailable,^® 
it was. then shown to replace pjndoxal phosphate as a cofactor for 
glutamic-aspartic transaminase Unlike pyndoxal phosphate, pjridox- 
amine phosphate combines with the enzyme protein slowly, and, once 
this combination has occurred, it is difficult to remo\e the pyndoxamine 
pho®.phate from the protein 

••SF Schlenk and A Fjsher, ArcA Btochem 22, 09 (1917) 

■»3E A Peter‘>OD and H A Sober, / Am Chem Soc 76, 169 (1954) 

** K Meiater et al J Biol Chem, 206, 89 (1954) 
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test compound to pie\iously stan^ed rats On tlio basis of such c\peri- 
mcntal procedures, the protem ammo acids ha\c been classified as shov\n 
in Table 3 ObMOUslv, this classification refers to the metabolic fate 

Table 3 Glucogenic and Ketogenic Amtno Acids 


Ammo Acid 

Glucogenic 

Ketogenic 

Gly cine 

+ 

- 

Alamne 

+ 

— 

Senne 

+ 

— 

Tlireonine 

4- 

— 

Valine 

+ 

— 

Leucine 

— 

+ 

Isoleucmc 

(-f) 

(+) 

Lysme 

— 

— 

Hydroxy lysine 

? 

9 

Glutamic acid 

+ 

— 

Aspartic acid 

+ 

— 

Phenylalanine 

? 

+■ 

Ty rosine 

(+) 

+ 

Tryptophan 

— 

— 

Histidme 

+ 

— 

Arginine 

+ 

— 

Methionine 

— 

“• 

Cy stme 

(+> 

“ 

Prolme 

+ 

— 

Hydroxyprohne 

+ 

(+> 


of amino ncids under the somewhat "unphjsiological” conditions o 
diabetes oi stanation From the discussion in Chapter 32 it will be 
apparent that the administration of a nonglucogenic ammo acid labele 
with isotopic carbon maj lead to the appearance of the isotope in 
gljcogen Similaily, nonketogeme ammo acids may provide carbon lor 
the biosynthesis of ketone bodies and fatty acids when these processes 
are studied bj means of the isotope technique These apparent ois 
crcpancies arc analogous to the situation discussed earlier in relation to 
tlie con\crsion of acetate to glucose m the animal body (cf p 513) 

In the metabolic conversion of the carbon atoms of anuno acids o 
carbohydrate and fatty acids, deamination may represent the first step, 
and the resultant carbon compound may be metabolized further to 
rise to a recognized precursor of carbohydrate or fat Since the carbon 
chains of those ammo acids designated as dispensable for animals, ant 
tlic carbon chains of all ammo acids m autotrophic plants and micro- 
organisms must be synthesized jn vivo, reactions must exist that link the 
breakdown of carbohydrate and fat with the synthesis of ammo acids 
Some ammo acids are formed from carbohydrate and fat by the reverea 
of the reactions in the conversion of the nitrogenous compounds to car o 
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'immases for glutamine and asparagine (t>pc 4) also ha\c been de- 
scribed the a-keto acids corresponding to these ammo acid amides arc 
termed a-ketoglutaramic acid and «-kctosuccin imic acid respects elj 
The latter compounds ma> be deamidated enzjmcs termed w-amidases, 
thus the coupling of a specific transaminase and <j-amuhsc can effect 
the con\crsion of glutamine (or asparagine), in the presence of an a-keto 
acid (e g , p\ ru\ ic acid) , to o-ketoglutanc acid (or ovaloacctic acid) In 
some transamination reactions, neither partner is a dernatne of a 
dicarboxjlic ammo acid {t>po 5) 

Although a single tissue or microbial culture may contain sc\eral 
transaminases of different specificiU, the glutamic-aspartic transaminase 
appears to be ubiquitous in Ining organisms, and the niajontj of the 
recognized transamination reactions include glutamic acid as one of the 
participants These facts point to an important role for both glutamic 
acid and aspartic acid m nitrogen transfer This conclusion is m agree- 
ment nitli the data, obtained b\ the fcc<lmg of N’®-compounds to rats, 
nhicli slioued that glutamic acid and, to a lesser extent, aspartic acid 
take up nitrogen entering tlic animal bodv in the form of \ anous ammo 
acids (sucli as glj cine or Icucinc) , or c\ cn as ammonium ions, much more 
rapidlj than do other protein amino acids The importance of glutamic 
and aspartic acids in nitrogen metabolism is not limited to animal tissues 
Attention ^as draun on p 742 to the role of glutamine and asparagine 
in the protein metabolism of the germinating seeds and the tissues of 
higher plants These amides are interconvertible, m metabolism, luth 
the corresponding free ammo acids (cf p 721) 

On deamination, glutamic acid, a&partic acid, alanine, serine, and 
cjsteino all give rise to a-keto acids which arc also intermediates m 
carbohjdratc metabolism, tlius explaining the gljcogenic action of these 
ammo acids (cf p 493) In addition, several other ammo acids also can 
give rise to carbohydrate in the animal bod> Before the development 
of the isotope technique, the utilization of the carbon atoms of ammo 
acids for the biosynthesis of c-arbolij drates and fats was studied in 
experimental animals that had been made sensitu e to the influx of new 
glucogenic or ketogenic materials For example, ute was made of dogs 
rendered diabetic by the removal of the pancreas or of animals treated 
with phlorizin (p 441), which interferes with the reab'sorption of glucose 
by the renal tubules Tn such experimental animals, certain ammo acids 
cause the appearance of extra glucose in the urine, i e , are glucogenic, 
whereas others induce the excretion of ketone bodies, i e , are ketogenic 
Another method for the detection of glucogenic ammo acids involves the 
study of the deposition of liver glycogen after the administration of a 

A Meister and P E Fraser, / Btol Chem, 210, 37 ( 1 * 154 ) 
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(cf p 848) , glutamic acid«nitrogen then could be used in transamination 
reactions, and the resultant a-amino acids “stored” as protein 


Decarboxylation of Ammo Aclds**^ 


The foregoing discussion of the general metabolism of ammo acids has 
dealt onlv ^ith reactions involving a-aramo groups Enzyme sjsteras 
arc also kno\\n ^hich attack ammo acids at the carboxjl group and 
cataijze the decarboxylation of ammo acids to jield carbon dioxide and 
an amine, these cnzjmcs arc termed amino acid decarboxjlases 


R R 

NHEinCOOH -* NHsCHs + CO2 


A list of the better known ammo acid decarboxylases is given in Table 4 
^lost of the bacterial decarboxjlases are formed in large quantities 
onlj when the organisms arc grown in an acid medium (pH 25 to 55, 
depending on the organism) , their formation also depends on the presence 
m the culture medium of tlie specific substrate, and the decarboxylases 
are, therefore, adaptive enzymes whose function appears to be that of 
protecting the bacterial cells against an acid environment by the produc- 
tion of aminc'J However, diaminopiraelic decarboxjlase is a “«, 0 D 8 titu- 
tive” enzj me, alwaj s present in bactena that normally make L-lysme bj 
the decarboxv htion of mcso-a,e-diammopimelic acid {p 83), this decar- 
boxylase specifiCiillj removes the carboxjl group on the asvmmetnc 
carbon atom liav mg the n configuration Other decarboxj lases are 
specific for n-araino acids, and, in general, each enzjme acts onlj upon 
the L-form of a single ammo acid However, the tjrosine decarboxjlase 
from Streptococcus fecalib tan act on 3 , 4 -dihydroxy-i.-pheny!alanme 
(dopa) as well as on tjrosme, it also dccarboxylates phenylalanine, but 
at a much slower rate than that at which it attacks the two other 
amino acids Likewise, the decarboxj’lation of L-leucine and of n-vahne 
bj Proteus vulgaus is believed to be catalj'zcd bj a single enzjme®* 

The extreme specificitj of most of the bacterial decarboxylases makes 
them excellent analjtical tools for the estimation of the following ammo 
acids Ijsme, argmme, histidine, oniithme, tyrosine, glutamic acid, 
aspartic acid, and diammopimehc acid Each of the decarboxj laLoii 


60E r Gale, Advances in Emymol, 6, 1 (1946) , H Blaschko, tbid- 5, 67 (19^*5), 
0 Stbales m J B Sumner and K Mjrbatk, The Emymet, Chapter 50, Academic 
Pres.'i, New J ork 1931 


51 D L Dewe> et al, Biochcm J, 58, 523 (1954), J Gen Mtcrobtol, 
j Denman et aU Bxockim et Btopkys Acta, 16. 442 (1955) 

L Ekladius and H K King, Btoehem J. 62, 7p (1956) 
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hjdratc and fat, other ammo acids arc synthesized and degraded by 
separate pathways IIowc\cr, the metabolic deamination of most ammo 
acids, and the imination reactions leading to their syntliesis, arc effected 
by means of transamination reactions The central role of glutamic 
acid and aspartic acid in these processes is shown m Fig 1, which 
summarizes some of the known metabolic relations among ammo acids 
for mammalian luer Olniously, all the reactions gi\cn in Fig 1 do not 



Fig 1 Some cnz>mic reactions in the syntliesis and degradation of ammo acids 
m mammihan h\cr 

occur m e^cry biological system, and systems other than Incr may 
effect reactions not observed in this tissue Thus, in some bacteria, the 
reactions catalyzed by asparta«c or b\ L-alaninc dehydrogenase may 
represent important metabolic links between ammonia and ammo acids 
It has long been known that carbohydrates (and fats) c\ert a "protein- 
sparing” effect in liighcr animals For example, the transfer of an 
animal in negative nitrogen balance (p 723) to a diet rich m carbo- 
hydrate may result in a marked decrease in the amount of nitrogen 
excreted m the urine Eaen m animals initially in nitrogen equilibrium 
an increase in dietary carbohydrate may produce a condition of positne 
nitrogen balance, i e , a "retention” of protein in the animal body, upon 
the rcmoaal of the additional carbohydrate from the diet, the “stored" 
protein nitrogen is excreted m the urine, and nitrogen equilibrium is 
gradually re-estabhbhed Although the mechanism by which carbohy- 
drate "spares” protein is not understood, it has been suggested^® that the 
oxidation of excess carbohydrate (or fat) results m an increase of a\ail- 
able DPNH, thus enhancing the ability of li\er glutamic dehydrogenase 
to form glutamic acid from ammonia that would otherwise be excreted 

H Is Rlunro Physiol Revs, 31, 449 (1951) 

L Miller ct al , Federation Proc, 14, 707 (19l>5) 
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quantities of the araines are absorbed into the blood stream Hj&tidine 
(iecarboxj lasc is also present in animal tissues Huei, kidnc>, intestine, 
lung} rich in histamine “ 

The action of mammalian 5-hydroxjtrjptophdn decarbovylasc pro- 
duces another pressor substance, 5-h>droxjtryptammc {serotonin, p 
844) This amine is found together ttith adrenalin m the parotid 
gland secretion (le, \enoin) of certain toads, and is identical v,ith the 
invertebrate hormone enteramme Several other decarboxj’lases have* 
been tound in mammalian tissues, mainly in liver, kidney, and brain 
Of spteial interest arc “dopa" decarbovylase^s and glut imic decarbov 
\ iabe 50 The product of the decarboxj lation of glutamic acid is y-ammo- 
butync acid, nhich has been identified as a constituent of brain tissue 
in a variety of mammals as veil as m frogs and pigeons Glutamic 
dccarboxjlase is also present m higher plants,®^ and y-ammobutjnc acid 
IS found in plant tissues, for example, in potato tubers this substance is 
the third most abundant of the soluble nitiogen compounds®^ Some 
plant extracts that exliibit glutamic dccarbox^'lasc activity also decar- 
box>lnto /-methylcneglutainic acid {p 63) 5® 

All of the ell-defined ammo acid dccarboxjlases have been shown 
to require pjndoxal phosphate for activitj, histidine decarboxylase 
requires, in addition, a meta! ion (Fo2+, Only pjridoxai 

phosphate has coenzjmc activity, neither pjridoxamine phosphate nor 
pyndoxmc pliosphate (Chapter 39) mil replace the aldehjdic compoimd 
The postulated mechanism of the decarboxylation reaction is Eho'^'n in 
the scheme at the top of p 769 

The dependence of dccai boxj lases on pyridoxal phosphate has cen 
demonstrated by means of cnzjme preparations from animals or bacteria 
deficient m vitamin Bq (pjndoxine) For example, brain tissue o 
vitamin B,, -deficient rats contains the normal amount of glutamic e- 
carboxylase protein, but is notably poor in the (ofactor Consequent ) t 
a decreased activity toward glutamic acid is observed unle'^s pjridoxa 
phosphate is added to the tissue preparations Snmlarl>, Streptococcus 
jecahs contains active tyrosine decarboxjlase onlj if tlie cclla are 
cultured m the presence of vitamin Bo, but the presence of the speu c 

E3 H T Graham ct al Btachtm et Biopky^ Acta, 20j 243 (1956) 

■MC T ClarU et al,^ Biol nim,2l0, 139 <1954) 

KO Schales and S S Schale , Arch Bmchcm, 24, 83 (1919), 15 J 
cl al J Bwl Chem, 216, 507 (1955) „ , , 

“W i Wmgo and J Awapari J Bwl Ckcm, 187, 267 (1960), E Bobw*® ” 
S Fran) cl ,b,d, 190, 505 (1951) 
sr O SchalK ct al , Arch Biochcm , 10, 455, 11, 155 (1948) 

E* J F ThonipEon et al , Plant Phyiol, 28, 401 (1953) 

“E Pomlcn and 3 Done, Btirchem J, S5, 648 (1953) 

“DM Guirard and E E Snell, 7 Am Chem Soc , 76, 4745 (1955) 
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re'ictions proceeds quantitatively, and the CO 2 formed may be measured 
manomctricallv (p 288) 


Table 4 Enzymic Decarboxylation of Ammo Acids 


Ammo Acid 
L-Argmme 

ly Aspartic acid 
L-Aspartic acid 
L-Cj steic acid 
L-Cjsteine sulfinic acid 
L-Glutamic acid 


Decirboxjlation Product 
Agm itinc 

L-Ahnine 
0 AWnine 
Taunne 
Ilj-potaunne 
7-Aminobutjnc acid 


V-II> droxj -lyglutanuc 
acid 

7-Mcthj lenc-L-glutamic 
acid 

lyHistidine 


LfL} sine 

ni«o-o,<-Diaminopimebc 

acid 

L-Ornithine 
L-Phenylalanme 
l-Tj rosine 


3,4-Dih> drox) -iyphen>l- 
alamne 

5-Hj droxy-L-tryptophan 

L-Valme 

L-Leucine 


7- Anunoor-li> droxj. 

butjnc acid 
o-Mcth) IcDC-Y-amino- 
butj ric acid 
Histamine 


Cadaverine 

L-Ljsme 

Putrcscine 

/S-Phenjlcthjlamine 

Tjramine 


SjA-Dihj droxj -j3-phenj 1- 
eth j lamme 

5-Hj droxytryptaraine 

Isobuljlamine 

Isoamjlamme 


Occurrence 

Microorganisms (eg, E 
coll) 

Cl uelchii 

Rhizobiwn Icpumino^arum 
Liver, spleen, brain 
Li\ cr, spleen, bnin 
Microorganisms (eg, Cl 
utlchtt, E coll), animal 
tissues (brain, h\er, 
muscle), higher plants 
(barlej, spinach, phlox) 
E coh 

Barley, red pepper, peanut 

Microorganisms (eg, Cl 
uclchii, Lactobacilh), 
animal tissues (kidnej, 
Iner, duodenum) 
Microorganisms (eg, B 
cadaveric, E coli) 
Microorganisms (eg, E 
coll, A aerogencs) 
Microorganisms (eg, Cl 
scpticum) 

Microorgamsms (eg, S 
fecahs) 

Microorganisms (eg, 5 
fecahs), animal tissues 
(e g , krdnej) 
Microorganisms (eg, S 
fecahs), animal tissues 
(eg, kidnej) 

Animal tissues (e g , kid- 
nej , brain, stomach) 
Proleus I ulgans 
Proteus lulgans 


Some of the amines produced from ammo acids bj bacteria have 
pharmacological activity in animals For example, histamine causes a 
fall in blood pressure, nhereas tyramine and 3,4-dihjdroxyphenjlethjI- 
amine are pressor substances similar m oction to, though less potent than, 
adrenalin The production of such toxic compounds bj intestinal 
bacteria obviously can have a deleterious effect upon the host if large 
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metal ion {e g , Cu2+, Fe3+, A13+) fs pj-om their studies of such 

model sj stems, Snell and his associates have suggested that the Schiff 
bases'^ {p 51) derived from ammo acids and pjndoxal are stabilized by 
chelation, as shoun in the accompanying formula Subsequent intra- 
molecular reactions (le, expulsion of H'<‘,C02, OH“, or SH“’, coupled 
uith a shift of electrons) produce chelates that are spontaneous!} 



hjdroljzed to the expected reaction products Thus the metal ion 
appears to perform the catalytic function of the specific protein in the 
enzymic reaction, the phosphate group of pyndoxal phosphate is thought 
to bo in\ohed m binding the Schiff base to the enzyme protein 
Other reactions catalyzed by pjndoxal phosphate-dependent cnzjTne 
sjstems arc important in the metabolism of serine (p 775), of threonine 
(p 791), of methionine (p 793), and of tryptophan (p 841), these 
reactions ha\e also been reproduced in model systems®* The presence 
of p> ndoxal phosphate m crystalline muscle phosphor} lasc nas mentioned 
preMousl} {p 440) 

C2D Metzler ct al, J Am Chem See, 76, 648 (1954), J B LoDgenecLer and 
E E SneU tbid , 79, 142 (1957) 

E JVJeJlzer, J Am Ckcm Soc, 79, 485 (1857) 

B Longenecker and E E Snell, J Biol Chem, 223, 229 (1955) 
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R 

1 

HOOCCHNH2 + 


R 

) 

CHnNHa + 


ar20PO3H2 
OCH<f N 

u 

HO CH3 
CH2OPO3H2 

och/ N 


R 
1 

HOOCCHN = CH 


CH2OPO3H2 

i==\ 


-CO, I 


HO CH3 


CH2OPO3H2 

f A 

CH2N = CH(v n 


HO CH3 


HO CH3 


(IccuboM lasc protein tan be <lcmoii'tratt<l In the rcstontion of cnzjmic 
ictn it> w hen jjj ri(lo\ \\ pliospbutc i!> added to a &u^ptn«jon of the innctn c 
cell niatcnal S fccalis requires for growth a ^anot^ of protein amino 
acids supplenientcd with citlicr p\ndo\inc or D-alaninc The latter 
compound can be formed lij the bacteria from L-alanmc m an enzjmic 
reaction cataljzcd bj “alanine raccmiic,” winch also requires pjridoxal 
phosphate for actnitj A similar alanine racemasc is present in the 
anthrax bacillus and m B sxibtths, and probablj acts together with 
transaminases to form the o-glutamic acid of the capsular polj peptides 
of these organisms (p 13S) 


L-Glutamic acid 


I^nivic acid 


D-Glutamic acid 


a-Ketoglutanc acid 
L'Alanine — — > D>Alanine 


Alanine racemast, the dccarbowlases, the transaminases, and the 
dohjdra«es and dcsulflijdrascs tp 756) represent four t>pes of enzjmc 
systems m which pjridoxal pho'-phatt is m\ol\ed as a cofactor The 
fact thitthe four tjjies of chemical reaction cataljzed bj these enzjmcs 
are \ery different, although tin same cofactor is required, emphasizes 
the important role of the enz>me protein in dctcnnining the mode of 
action of a gnen cnzjrae sjstcin 

Each of these four types of reaction (including stereospecific trans- 
aminations) has been duplicated in nonenzymic model systems consisting 
of an aqueous solution of the appropriate substrates, pjndoxal, and a 

J Olivard and E E Snell J Biol Chetn, 213 , 203 (1955) 
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rapjcllj 0 \ulKcd to CO, by an nppaient o\!dati\e dccirbo\ 5 dation of 
gljoxybc icid to formic acid,"' the mechanism nhcrebj formic acid is 
formed Ins not been elucidated, but this leaction maj be of iiiiportaiice 
in gljcinc metabolism, since the a-carbon of glycine is used in iinnj 
biosjnthctic processes m which foimic acid can also sene as a carbon 
precui‘=or (cf p 774} 


NH 2 CH 2 COOH-* 


(NH 3 ] 


- OCH— COOH - 


- HOCH2— COOH 

GlycolK sfxi 


HCOOH + CO, 


CO 2 


HOCH 2 — CH 2 NH 2 

EUutaoljnniM 


-HOCHj-CHO 

Clyrolaldthyde 


Carbohydrate 


Fig 1 Mctnboljsm of glicsne and of gho^jlit ncid m the rat Tlic fate of the 
iQchMdual t\rbon atoms is mdtcAttd by the dels nod cro^'cs 


The pathwaj leading from glvcolic acid to gljcine is operatne in 
higher plants® Furthonnore, gljoxjlic acid participates in transamin'^' 
tion reactions to >icld gljcmc m microbial systems (eg, FsettrfoiHOiias, 
iVeurospora) ,* sG\en.i strain*? of Pseadomonns form gljoxjlic acid ironi 
isocjtiic acid (p 518) In animals and luglier plants, the. C_* precursor 
of gljcinc could arise fiom carbohydrates by transkctohsD-cata!>ze<l 
inactions (p 529), since carbons 1 and 2 of ribo'^o are known to be 
precursors of tlio «- and carboxjl carbons of glycine, rcs>pectncly 
Although the formation of glycine from Ca compounds imdoubtcdb 
OLCurs in biological systems, it represents a minor pathwnj for ghcinc 
synthesis m animal tissues As first shown bj Shemm® the principal 
source of gijcine in the animal body is the ammo acid scri.nc For las 
investigations, Sliemin took advantage of the fact tiiat the administration 
of benzoic acids to animals leads to the excretion m the urine of Inppurjc 
acid (cf p 729), nn> compound that can serve as a source of protein 
glycine will likewise serve as a precursor of the glycine portion of hip 
puric acid The conversion of serine to glycmc without rupture of the 
proved b> the use of doiiblj labeled serme 
HOCHsGHNiSHaC^sooH, the COOH— ratio was tlic sninc 
in the gl) cine formed as m the serine administered Shemm suggested, 
lere ore, that serine is degraded to glycine and formate Subsequent 


5H 

CN 

n. 


I et aJ J fhol C/icm, 216, 5S3 (ID55), 233, 8 (1958) 

I ® ^ 20t. 649 (1953) 
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lemm, J litoi Chem, 162, 297 (1946) 
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Special Aspects 
of 

Amino Acid Metabolism 


In the preceding chapter, consideration was gi\cn to the metabolic fate 
of the o-amino and a-carbovjl groups of protein ammo acids Since the 
metabolism of individual ammo acids includes not onlj the gcncril 
processes of deamination, transamination, and decarboxjiation, but also 
enzjmic action at the characteristic side cliains, the metabolic fate of 
each protein amino acid must be considered separatclj ^ 

Metabolism of Glycine* 

Biosynthesis of Glycine Glycmc appears to be readilj synthesized by 
moat organisms Isotope experiments’ haae demonstrated the formation 
in VIVO of glycine from nitrogen that enters the animal body as am- 
monium ions or in the ammo groups of ammo acids such as leucine or 
tyrosine A possible pathway of glycine synthesis is the animation of 
glyoxylic acid either by a reversal of oxidative deamination or by trans- 
amination, and the direct conversion of glyoxylic acid to glycine has 
been demonstrated in the intact rat'* Other Co compounds converted 
to glycine in vivo are glycolic acid, glycolaldohyde, and ethanolamine 
(ammocthanol) , studies with labeled compounds have given evidence 
for the interconversions shown m Fig 1 

Clearly, glyoxylic acid can be both a precursor and a degradation 
product of glycine In rat liver slices, glycmc and glyoxylic acid are 

I VV D McElroj and B Glass Ammo Actd Metabolism, Johns Hopkins Press 
Baltimore 1955 A RIeister, Bwchemislry of the Ammo Acids, Academic. Press, 
New "iork 1957 

2H R V Amstem Advances tn Protetn Chem , 9, 1 (1954) 

3 R Sclioeaheimer The Dynamic State of Body Constituents, Harvard Umversitj 
Press Cambridge, 1942 

<S Wemhouse and B Friedmann J Biol Chem, 191, 707 (1951), 221, 665 
(1956), A Weissbach and D B Spnnson tbid, 203, 1023, 1031 (1953) 
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formjItetrahjdroPGA from tetrahjdroPGA {or PGA) and formate, 
forraaldehjde, or the /3-carbon of scnne bavo been shoun to occur in 



Fig 2 MetaboJic transforraations m\oKing “actne” Ci units The carbon atoms 
stionn in boldface tjpc are formed from or conserted to a metabohealb sc 
Ci unit 


bacteria and m liver preparations*’ Such formyl derivatives are prob- 
abl> diroctlj involved m purine metabolism (Chapter 35) but 
the biosynthesis or degradation of senne, hero the tetrahydror ^ 

”S F Zalrienslvi and 0 A Nichol, 7 Bwl Chem, 213, 6D7 ( 1935 ), V M 
Doctor and 3 Anapnra, tbi<! , 220, 161 <1956), L Jacmcke, Btochm e‘ Siopl'V 

Ado, 17, SSS (1955) 
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work has shown that the major portion of tissue gl>cmc arises from 
serine, which is formed from carbohj drates or fats via an intermediate 
C 3 compound ° 

The metabolic comersion of serine to gljcine and a Cj unit is 
reaersible’® Formic acid can ser\e as a precursor o! the Cj unit, i! 
isotopic formate and isotopic gljcine are fed to fasted rats, doublj 
labeled serine is formed It is clear that, in the intact animal, the 

C'^HaOH 

HC‘<OOH + NHjCHsC'WH -> NH.— ^H— C’OOH 

o\er-alI process serine ;=iglj cine + Ci unit is in constant operation 
The Cl unit deri\ed from serine enters into a \ariet> of metabolic 
transformations (Fig 2) which will be discussed later This inter- 
com ersion of serine and gljcine also occurs in microorganisms, its 
probable occurrence in higher plants is indicated b> the utilization of 
formic acid as a source of the ^-carbon atom of serine 
Studies with bacteria‘s and rats*< showed that the Mtamm ptcro>l-L- 
glutamic acid (folic acid, p 207) is in\oI\ed m the scrinc-gl> cine 
mtcrcona ersion Although the role of dcri\at!\cs of pterojlglutamic 
acid (PGA) as carriers of Ci units has been studied c\tcnsuclj with 
extracts of animal tissues and of bacteria, the nature of the functional 
form of the Mtamm is. uncertain*’ The aaailablt. eMdence indicates, 
howc\er, that tetrahjdroPGA (Fig 3), rather than PGA itself, is the 
precursor of the actnc cofactor The characterization of the compounds 
formed in biological sj stems is made difficult by the spontaneous oxida- 
tion bj air of tetrahj droPGA deri\ati\cs to the corresponding PGA 
compounds, furthermore, N*®'fonnjltetrah>droPGA and anhjdro- 
leucovonn (N® ^^-mcthenjltetrahjdroPGA) are readilj conaerted to 
the more stable N®-formyl compound lcuco\orin*° (Fig 3) Enzyme- 
cataljzed reactions leading to the formation of N®-formjI- or N*®- 

®H n V Arnstem and D Kcglevic Btochem J 62 199 (I95G) 

L Kisliuk and W Sakami, 7 Biol Cham, 214, 47 (1955) 

11 W Sakami J Biol Chem , 176, 995 (194S) 

12 N E Tolbert J Biol Chem, 215, 27 (1955) 

13J Lascelles and D D Woods Biochem J , 58, 4S6 (1954) J Lascelles et al , 
1 Gen ilficrobioJ 10, 2Q7 (1954) 

J R Totter et al J Biol Chem, 178, 847 (1949) 186, 145 (1950) D Elwyn 
and D B Sprm«on ibid 184, 475 (1950) 

IS N Alexander and D M Greenberg J Biol Chem , 220, 775 (1956) , B Wright 
tbtd 2 19, 873 (1956) , F M Huennekens et al tbid, 224, 435 (1957) , J M Peters 
and D M Greenberg, ibid , 226, 329 (1957), R L Blaklej, Bwchem J , 65, 342 
(1957) 

>6M Mayetal J Am Chem 5oc, 73, 30C7 (1951) , C A Nichol et al , 5«€nce 
121, 275 (1955) 
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from the a-carbon of glycine b> the intermediate formation of gI>o\>ijc 
acid (p 772) An alternative pathway leading from the a-carbon of 
gljcinc to formate involves the intermediate formation of S-ammo- 


Glycme 


2DPN'*' 2DPNH + 2H'*' 

L_ p.., 


HCHO 

’( DPN 

{"Hydroxymethyl- \ ' Fonnyltetra- 

•tetrahydro PGA"] 'V ^ hydro PGA’ 

DPNH 
+ H’^ 



fig 4 Postulated mcdiam^m of the synthesis and degradation of senne The Ci 
unit of the tetrahydroPGA denvatixca is present at the N® or the N'o position 


levuhnic acid, which may be used directlj for porphjnn synthesis 
(Chapter 34), or may be metabolized via a “succinate-glycmo*' cycle 
aith the conversion of its 5-carbon to a metabohcally active Ci unit” 
(Fig 2) 

Formate also is derived from the N-mcthyl groups of betame^^ (Fig 2), 
which IS formed m animal tissues by tlic oxidation of cbolmc (cf p 
802) Apparently, botamo is initially demcth>latcd to form N-dimethjb 
glycine, which is oxidized by an enzyme system in liver to formaldehyde 


fCHg] 

Betaine — — » 


HCHO »- HCOOH HCHO 

<CH3)2NCH3C00H ■ i - * - CHsNHCHjCOOH — Clycine 
Dimethylg-lynne Sarcosine 


and sarcosme (N-mcthy Igty cine) , the N-mcthy! gioup of sarcosme is 
converted to formate through the action of another hver enzyme w'hich 
cleaves sarcosme to glycine and formaldehyde Presumably, the formal- 
dehyde IS oxidized to formate by hver formaldehyde dchydrogena'-e 
(p 316) It should be added that the conversion of betaine and sarcosme 
to glycme had been demonstrated by vn vivo isotope experiments, befor*^ 
the discovery of the oxidases mentioned above"” 

It IS of interest that rabbit kidney contains an enzyme system 
(“demcthylase”) that is inactive toward sarcosme, but acts on N-mctij 
derivatives of various L-araino acids to give formaldehyde and the free 


« 2 SliemiQ fit a] , y Biol CAcm, 215, 613 (1055) 

S St ct a! , y Biol Ckem , 203, 743 (1953) , 222, H5 (1955) 

--K Bloch and R Schoenheiraer, 7 Bioi Chem 335, 99 (1940), I> Stetlen.Jr. 
»6id, 140, 143 (1911^ 
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cohctor probablj transfers a Cj umt at the oxidation lex cl of a lijdroxy- 
methyl group ( — CHoOH) 

In addition to the cofactor dcrixed from PGA, pjridoxal phospliate 
IS also required in the enzjmic interconxersion of serine and gljcmc^® 
The rex ersible cleax age of sonne to glj cine and formaldehyde is catalj zed 
in nonenzjmic systems by pjridoxal and metal ions, it has been sug- 


HCOOH 




7^ OH 

B^C— CH2— NH — 

9 10 

PGA 

ml 


H 


''CH -^7 

1 ' 
^C-CH2— N- 

r I 

HC=0 

N“-FonnylPCA 


•CH2 

I 


CHj 

\ 

-CH— CHj—N— 


I 


H HCs=0 

CH2“ NH^“ N^^-ronajrlletrahydroPOA 
H 

S $ 73*T*tr*hydwPO A 


KCOOH 


CHj 

.CH— CH2-;N- 

'5==ch^ 

Anhydroleucovonn 


s. -CH— CH^-NH- 

' I 

HC«0 

H*»FproyJtetr*liyd«PQA 

(leucevons) 


Fig 3 Chemical mtercomersioss of pterojlglutamic acid (PGA) and some of its 
dernatues Onlj the part of tlic PGA molecule involved m the reactions is shown 


gested, therefore, that Schiff bases, composed of pyridoxal phosphate 
and glycine or serine (cf p 770), interact yith a tetrahjdroPGA 
cofactor m the enzjmic transfer of Ci units The enzjmc sjstem that 
catalyzes this transfer has been termed “serine aldolase” or “serine 
hjdroxjmethjlase “ A postulated mechanism for the metabolic inter- 
relation of senne, gljcme, formaldehyde, and formate is shown in Fig 4 
As indicated in Fig 4, the cnzjmic sxnthesis of senne from gljcine and 
formate in the presence of PGA and pyridoxal phosphate requires DPNH 
(or TPNH) A reduced pjndine nucleotide is essential for the reduction 
of PGA to tetrahydroPGA and for the reduction of the formjlated tetra- 
hydroPGA to the corresponding hx droxymethj 1 denvatixe, hydroxy- 
methjltetrahjdroPGA also ippears to be formed by the nonenzymic 
interaction of formaldehxde and tetrahydroPGA 

It was mentioned before that formate raaj arise in animal tissues 

i®R Jj Blaklej Biochem J , 61, 3J5 (1955) 

1^1 Hatch et al J Biol Chem , 227^ 637 (1957), R L KisUuk, t6id, 227, 805 
(1957), F M Huennekens et al , Science, 128, 120 (1958) 
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pyru\jc acids makes it improbable that either acid is an intermediate in 
glycine fermentation It appears likelj that the glyovjiate c>cle (p 519) 
IS imo]\ed, with the mtenaedmte formation of a 4-carbon dicarboxjhc 

NH 2 GH 2 COOH NH 3 -f CH 3 COOH + CO 2 
acid labeled in the 2 centrally located carbon atoms The metabolism 
of glycine by aerobic organisms (Ackromobacter, Pseudomonas) appears 
to proceed \ia gljox>hc aoid, in Inch is converted to CO 2 and formic 
acid or formaldehjde*^ 


Metabolism of Alanine 


Alanine may be omitted without deleterious effect from the diet of 
higher animals and from the culture media of most microorganisms The 
fact that pyruvic acid is readily formed from carbohydrates and that 
the glutamic-alanine transaminase js very widely distributed: in nature 
provides a simple explanation for the ability of most living organisms 
to dispense v\ ith an exogenous source of alanme In some microorganisms, 
however, L-vlanine dcliy drogenase (p 754) may serve as the pnncipal 
catalyst for the direct synthesis of t-alanine from pyruvic acid and 
ammonia 

In view of tlio ease with which alanine may be converted to pyruvic 
acid (cither bv deamination or by transamination), the pathway by 
which alanine can give rise to carbohydrate is obvious Furthermore, 
pyruvic acid is an intermediate between alanine and acetyl-CoA. (cf 
p 508) Tlie latter conversion has been studied by taking adv'antage 
of the fact that the rat acetydates compounds such as p-aminobeazoic 
acid and y-phenyl-a-aminobutync acid and excretes the N-acetyl denva- 
tives in the urme-® Consequently, although alanme has usually been 
listed among the glucogenic ammo acids (cf p 764), it is obvious that 
tlie a- and ^-carbon atoms may* also serve as precursors of ’atty acids 

Many microorganisms use alanine, in place of carbohydrates, as fl 
source of energy and of the carbon atoms required foi growth and 
multiplication In bacterial cultures alanme has been obsened to 
undergo the various ty^cs of deamination reactions described in Chapter 
31 The fermentation of DL-alanme by an anaerobic organism [Clos- 
tndium propiomcum) may be described by' the over-all equation 


CH: 


3KH2CHCOOH -h 2H2O 

SNHa + 2 CH 3 CHjCOOH + CH 3 COOH + CO: 


S7 

28 

29 


i 1 Campbell Jr, / Biol Chem 217. 663 (1935) 

11 I. •®“’' Ohem 1B7, 167 (1330) 

Carilon and H A Barber, Arch Bioehim„ 12, 165 (10(7) 
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ammo acid The catalytic action in\ol\cs the participation of a 
fla\oprotein, and it is belie\ed tliat the dehjdrogenation of the methjl- 
amino group is followed by Indroljsis of the resulting — group 

In addition to the metabolic patlmajs of the biosynthesis of glycine 
discussed abo\c, this ammo acid is also formed in the breakdown of 
threonine (cf p 792) and of purines (cf p 895 ) , these processes do 
not invoke either a Ci compound or serine as an obligatory intermediate 
Metabolic Transformations of Glycine The carbon atoms of glycine 
are utilized for the synthesis of a number of tissue constituents, in many 
instances, serine appears to be an intermediate The ready deamination 
of serine to pyru\ic acid (p 756), and the known metabolic conversions 
of the keto acid explain the obser\cd incorporation of glycme-cnrbon 
into other protein ammo acids, into carbohydrates, and into fatty acids 
The formation of ethanolaininc from glycine m vivo also m\ol\cs the 
intermediate formation of senne, which is then decarboxylated It 
was noted before that cthanolamine is comerted to glycine with the 
intermediate formation of glycolaldehyde, glytohc acid, and glyoxydic 
acid (cf p 772) Consequently, the o\cr-all process shown m the accom- 
panying scheme effects tiic oxidation of the carboxyl carbon of a glycine 

C;-unit ^2 

NHaCHjCOOH NHiCHCOOH ^ CHjNHj NHaCHjCOOH 

CHjOH CH2OH 

molecule to CO^, as well as the transformation of its a-carbon to the 
carboxyl carbon of the glycine molecule formed from cthanolamine 
Repeated operation of this “glycine-cthanolamme” cycle thus results 
in the complete oxidation of glycine 
In animal tissues, glycine enters into many metabolic reactions that 
do not imolve serine as an intermediate These include the formation 
of hippuric acid (p 719), glutathione (p 721), creatine (p 803), 
porphyrins (p 8b4), purines (p 890), and conjugated bile acids (p 635) 
In some anaerobic bacteria, glycine is converted to acetic acid The 
direct reductive deamination of glycine by various Clostridia was dis- 
cussed on p 757 In Diplococcus glycinophilus, winch can ferment 
glycine but does not attack other ammo acids or a variety of non-nitro- 
genous compounds, isotopic glycine is metabolized anaerobically as 
shown on p 778-® The inability of this organism to attick formic and 

23 M Moritam et al J Biol CAt-m , 209, 485 (1954) 

24 D B Sprinson J Biol (^Aem , 178, 529 (1949) , H N Barnet and A N Wick 
ibid 185, 657 (1950) 

25 D Elwyn et al , J Biol Chem 213, 281 (1955) 

26 H A Barker et al, / Biol Chem, 173, 803 (1948) 
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carbon skeleton of D-valine also can be used for the biosynthesis of 
the L-amino acid, and n-valme can replace the L-isomer in rat growth 
tests 

D-Vahne is used by a variety of microorganisms in place of l-\ aline, 
although some bacteria arc more exacting and grow only when the medium 
contains the L-form The conversion of o-ketoisovalenc acid to valine, 
presumably as the result of a transamination reaction, also has been 
observed in microorganisms Further discussion of the microbial syn- 
thesis of valine will be found in the section dealing with the metabolism 
of isoleucine (p 782) since the biosynthesis of the two ammo acids has 
much in common 

Several compounds have been identified among the products of the 
action of microorganisms on valine isobutync and formic acids (formed 
by Proteus vulgans) , i<3obutyl amine (produced by putrefactive bacteria), 
and isobutyl alcohol (produced by yeasts) ” In those organisms that 
produce penicillin, l- or n-valme serves as a direct precursor of a portion 
of the carbon skeleton of the antibiotic (cf p 798) 

Early studies on valine metabolism m higher animals (eg, with 
phlonzinized dogs, p 763) indicated that 3 of the 5 carbon atoms of 
D- or L-vahne are used for glucose synthesis,®*^ subsequent isotope experi- 
ments showed that these 3 carbons arise from the isopropyl group of 
the ammo acid Further w'ork with intact rats and with tissue prepara- 
tions (liver, heart, kidney)®® has provided evidence for the pathway of 
valine degradation shown m Fig 5 The initial deamination of valine 
(probably by transamination) gives rise to a-ketoisovalenc acid, which 
then would be converted to isobutyryl-CoA by a process analogous to 
the conversion of pyruvic acid to acetyl-CoA (cf p 481) The dehydro- 
genation and hydration reactions are catalyzed by enzymes present in 
liver and heart extracts, and correspond to steps in the oxidation of 
straight-chain fatty acids (cf p 600) The j8-hydroxyisobut>ryl-CoA 
formed by hydration of methylacry lyl-CoA is readily hydrolyzed by a 
“deacylase,” and free ^-hydroxyisobutync acid is oxidized by a DPN- 
dependent dehydrogenase to methylmalonic semialdehyde (a-forroyl- 
propionic acid) It is thought that the semialdehyde is oxidized to yield 
methylmalonyl-CoA, and that this product is decarboxylated to 


3*J White et al, J Bwl Chem, 199, 505 (1952), A Wretlind, Acta Physiol 
Scand , 36, 119 (1956) , M Womack et al , 7 Biol Chem, 224, 793 (1957) 
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Th\s anaerobe alto ferments DL-senne and DL-threoninc (cf p 791) and 
lactic, pyruMc, and acrjlic ncids, it does not attack glucose Of special 
interest is the fact that all the 3-carbon compounds mentioned gi\e rise 
to propionic and acetic acids Thus a portion of each substrate is oxidized 
to acetic acid nith the liberation of carbon dioxide, nhile another portion 
IS reduced to propionic acid®® Dried cells of Cl propwmeum (like 
higher animals and plants, cf p GOl) metabolize propionic acid further, 
in the presence of ammonium salts, /J-alanmc is formed Since cell-free 
extracts form j3-alanjl-CoA from ammonium ions and propionyl-CoA or 
acr>lyl-CoA (CH 2 =CHCO-CoA), it has been concluded that the latter 
tiso compounds arc intermediates m the con\crsion of propionic acid to 
/?-alanine In higher animals, )9-alaninc arises primarily as a product 
of the degradation of pjrmiidincs (Chapter 35), but also maj be formed 
from propionic acid (p 781) It a\i 11 be recalled that this amino acid is 
a constituent of coenzyrae A (p 206) and of the dipeptides carnosine 
and anserine (pp 137, 824) 

a-Alamnc is one of the scxcral amino acids nhose D-isomer is found 
m nature, and alnnine is unique in tliat, under certain conditions, an 
exogenous source of the o-forin is essential for the growth of some 
bacteria For example, Streptococcus fccalts R and Lactobactlliis casei, 
^hich arc reported to contain as much o-nlanine as L-alanme, must be 
supplied ^vlth D-alnnine if their culture media are dc\oid of xitamin Bg 
As noted earlier (p 769) , these organisms contain a pyndoxal phosphate- 
dependent alanine racemasc, and Bc-dcficicnt cells lack the cofactor 
essential for the biosynthesis of the D-amino acid It is of interest that 
D-a-amino-n-butyric acid has some groutli-promotmg action for se\cral 
D-alanine-requiring bacteria, and organisms grown in the presence of d- 
aminobutyric acid incorporate it in place of o-alaninc Normally, the 
bacteria contain o-alanine in amounts equal to 1 to 2 per cent of their 
dry weight About 60 per cent of the bacterial D-alanme is present in 
the cell wall m the form of a polypeptide,®® this is analogous to the 
presence of n-glutamic acid in the capsular polypeptide of the anthrax 
bacillus (p 138) 


Metabolism of Valine 

L-Valine is classified among the indispensable ammo acids for higher 
animals and is also an essential constituent of the culture media of a 
number of microorganisms Isotope experiments ha\e shown that the 

30 r W Leaver et al J Bad, 70, 521 (1955) 

3* E R Stadtman J Am Chem Soc 77, 5765 (1955) 

32 J T Holden and E E Snell J Btol Chem. 178, 799 (1949), J Oluard and 
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33 E E Snell ct al J Biol Chem, 217, 808 (1955) 
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1ft the configuration about the ^-carbon atom of the ^-keto acid m order 
to sjnthesize L-isolcucme Apparently, certain bacteria arc also able to 
perform such an m\ersion For example, LaciobaciUiis arabinosus enn 
gro^ in media containing L-alloiSoleucinc as a potential source of e-iso- 
Icucine if an exogenous source of Mtamm Bo is also supplied Presum- 
ablj, isoleucinc and alloisolcucine arc concerted to «-keto acids nhich 
can tautomerize to form the same enol, the asymmetric synthesis of 
L-isolcucine \\oiild then proceeel by the comersion of the cnolic compound 
to d-a-keto-yS-methj Ivaleric acid, and a transamination reaction between 
this keto acid and glutamic acid ■** Enzjme preparations from L 
arabinosus and from hog heart muscle cataljze these conversions,^^ which 
are summarized in the accompanying scheme 


d-a-Keto-^-methyl- 
valenc acid 


oe*-KetogIutanc acid 


L-Glutamic acid 


COOH 

I 

C— OH 

II 

CHjf“ 

EDobefarmof 

<i<’k«ta><l>iaethyIval«RC •cu) 


L-Alloi5oleucine 


/-a-Kcto-d“«ethyl- 
valane acid 


Important experiments on the biosjnthesis of isoleucine and vahne 
have been conducted with artificially induced mutant strains of the 
mold Neurospora crassa and of the bacterium Esckencha coh, which 
require for growth an exogenous supply of both isoleucine and vahne 
Dunng growth in the presence of these ammo acids, some of the 
“double" mutants accumulate a-kcto-/?>methy]valenc acid and a-keto- 
isovalcnc acid Such organisms appear to lack a "branched-cham ammo 
acid transaminase" found m the normal (prototrophic) strains, this 
enzyme catalyzes transamination reactions between x-giutamic acid 
tlie a-keto acids corresponding to L-isoleucmc, l-v aline, and L-leucme 
The mutants (auxotrophs) arc therefore unable to form isoleucine and 
valme, although thej can make Jcucine, since they contain a specific 
glutamic-Ieucine transammase Anotlier tjpe of “double" mutant accu- 
mulates the compounds a,jJ-dihjdroxy-/?-ethvlbutyric acid {le, 

djhydroxy-^-methylv alenc acid) and «,/3-dihydroxy-/S-methylbut>T'ic 


-tOD W Hood and C M Ljman, J Btol Chem, 186, 193 (1950) 

If""' ^ 195, 813 <1952) 

n ^“dman and A Meister J Btal Chem, 200, 591 (1953), B A Adelbergoo 
II B Urabarger, tbtd. 205, 475 (I9S3) 
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propionjl-CoA, possiblj bj the re\ersal of the condensation reaction 
discussed on p 602 Clearlj , the formation of proplon^ I-CoA from the 
isopropjl gfoup of Nalme prOMdes a source of a recognized precursor of 
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fig 5 PropO'ed palUwa> for the degradation of \ aline m animal ifsnies 


glucose It has been suggested” that propion>I-Co\ also maj be 
conterted to malonic semialdehjde (cf Fig 5), t\hich maj be aminated 
to form ^-alanine, thus pro\iding an altcrnatite pathuaj for the bio- 
s>nthesis of this ammo acid in higher animals 


Metabolism of Isoleucine 

L-Isoleucine, like l-\ aline, is an indispensable ammo acid for all higher 
animals, and the corresponding a-keto acid (d'tt-keto-;8-meth>l\aleric 
acid) can replace the ammo acid in the diet of the growing rat 
Although the diastereoisoraers of n- and L-isoIeucine (d- and L-alloiso- 
ieueme) are mactue m rat growth tests, l-a-keto-/S-meth>l valeric acid 
(the «-keto acid dented from D-isoIeucine and from L-alloisoleucine) 
permits the slow growth of >oung rats on diets detoid of L-isoleucme 
This finding suggests that the animal organism is able to effect a change 

35J P Greenstem et al J Swl Chem 188, 647 (1951) , A Meister and J 'W’hite 
tbtd 191,211(1951) 
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requirement for t-isoleucme, i-leucine, and L-valme and, m most in- 
stances, can satisfj this requirement nith the corresponding o-keto acids 
it IS evident that the biosynthesis of the branched chains which charac- 
terize the carbon skeletons of all three ammo acids presents difficulties 
to many forms of living matter In organisms able to synthesize the 
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fifl 6 Postuhted mechanism for the formation of isoleucine (R-^CHa) and of 
valme (R — H) m microorganisms The fate of the carbon atoms supplied ta 
RCH3COCOOH 13 indicated bj the circled numerals 


branched-chain nmino acids, identical intermediates and the same 
enzyme sj sterna arc used m some steps in the formation of all three 
ammo acids For example, an organism that cannot make Of-ketoiso- 
valeric acid ould be unable to synthesize not only x aline but also leucine 
(cf p 786), and an organism lacking dihjdroxy acid dchydrase ^ould 
be unable to form x aline and isolcucme The normal gronth and metab- 
ohsin of sex oral microbial species depends, therefore, on the maintenance 
of a delicate balance m the amounts of branchcd-cham compounds to 
Tvhich they are exposed^® 

In higher animals, isoleueme is weakly ketogenic and also shows slight 
glucogenic properties This metabolic bohavior may be explained faj the 
sequence of reactions leading from isoleueme to propionyl-CoA and 
acetyl-CoA, shown m Fig 7 The ongm of the carbon atoms of propi- 
onate and of acetate has been determined bj supplying C^^-labelcd 
tt-mcthylbulync acid to rat liver slices,'’ and the indixidual cnzjmie 
sj stems that cataljze the dcgradative reactions haxc been found m rat 


^ tJmbargcr and B Brown, / Bact , 70, 241 (1955) , _ 

N S B Abrahamseo, / Bwl Chem, 195, SOS (1052), M J 

Coooctakibjd, 199^75^352) 



SPECIAL ASPECTS OF AMINO ACID METABOLISM 


783 


acjd, the d;hydrov} analogues of isolcucjnc and ^ahne, rcspectneJ^ 
Mutants of this type are deficient m the enzyme "dihjdroxy acid 
dehjdrase" that catalyzes the comersion of the nbo^e dihjdroxj acids 
to the corresponding a-keto acids'*’ (see the accompanying scheme) 
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Isotope experiments on tlie formation of the dihydroxybutync acids 
b> the “double” mutant of Aeurospora ha\e proMded information about 
the mode of synthesis of these substances, and similar studies T\ith 
other microorganisms^’ (> easts, E coh) lm\e shonn that the carbon 
skeletons of isolcucine and of \ aline arc made b> similar pathuajs in 
all these biological forms (Fig 6) All the carbon atoms of % aline are 
derned by a fairly direct route from pyru\ic acid On the other hand, 
onlj 2 carbon atoms of isolcucinc come dircctlj from pjru\ic acid, the 
remainder of the isolcucine skeleton being derned from a-kctobutyric 
acid, which js formed from threonine (cf p 791) In this connection, 
it IS of interest that threonine appears to be an obligatory intermediate 
in the sjnthcsis of isolcucine by some microorganisms 
As shown in Fig 6, the ob&er\td distribution of isotopic carbon in 
\ aline and isoleucme appears to result from the kctol condensation of 
an “actne acetaldehjde” and the appropriate n-keto acid to form an 
“acetohctic acid,” followed by an intramolecular rearrangement wherebj 
the RCH 2 — group migrates from the a-carbon of lactic acid to the 
carbonjl carbon of the acetjl group*® 

Since manj microorganisms, as well as higher animals, exhibit a 

W Me\ersandE A Adelberg, Proc Natl Acad 5ci, 40, 493 (1954) 

«E A Adelberg J Am Chem Soc, 76, 4241 (1954), 7 Biol CAem , 216, 431 
(1956), R P tVagner et al , Proc Natl Acad Set, 44, 1017 (1958) 

*'’M Strassmaa et al , 7 Am Chem 5 ( 10 , 77 , 1261 (1955), 78, 228 (1956) H E 
Umbarger and B Brown, 7 Btol Chem, 233, 1156 (1958) ' 
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in'vohed cleavage of the bond between the amino-N and the o-carbon 
atom 

Among microorganisms the requirement for Icucinc ma> be a com- 
pletely specific one for the n-amino acid or it may bo so unspecific that 
the organism mil grow if supplied mth cither the r- or the D-isomer, 
a-ketoisocaproic acid, or o-hydroxjisocaproic acid The abilitj of se\eral 
a-keto and a-liydro\j acids to replace a-amino acids as grontli factors 
for lactic acid bacteria depends on the presence of vitamin B(j in the 
culture medium^® From an inxestigation of the abihtj of dried cells 
of Streptococcus fecahs to con\crt certain keto and lijdroxy acids to 
amino acids, it has been suggested that during gronth the hydrox} 
compounds arc first dehydrogenated to yield keto acids, and these in 
turn are converted to ammo acids by a transamination reaction in which 
pyndoxal phospliate is an indispensable cofactor and glutamic acid may 
ser^c as the ammo group donor (cf p 7C2) 

The biosjntliosis of leucine from labeled precursors (C^^-labcled 
acetate, lactate, pjruvatc, or glucose) has been studied m yeasts^ 
[Saccharomyces cerevisme, Torulopsts titths) The biosynthetic path- 
ways in Eschenchta coli, Neurospora crassa, and T vtihs have also been 
investigated bj means of a loss direct procedure, tlie “isotope-competi- 
tion" technique,®' here, tlie ability of an unlabelcd compound to decrease 
the extent of the normal incorporation of supplied as glucose (or 
CO 2 ) into leucme is taken as evidence that the compound is an inter- 
mediate in the pathway loading from glucose (or CO 2 ) to the ammo acid 
The data obtained by the direct and indirect methods are concordant, 
and they indicate that before glucose or acetate is utilized for the forma- 
tion of leueme, the precursor is converted to pyruvate Of the 6 carbon 
atoms in leucine, only tlie carboxyl and o-carbons arise directly from the 
carbon atoms of pyruvate, the remainder of the leucinc skeleton is 
probably derned from the isobutyd group of o-ketoisovaleric acid, which 
also provides the entire carbon chain of valine (cf p 783) The postu- 
lated mechanism for the formation of a-ketoisocaproic acid from pyruvic 
acid and a-ketoisovalenc acid (Fig 8) may involve a senes of reactions 
analogous to those of the citric acid cycle by which a-ketoglutaric acid 
IS formed from pyruvic acid and oxaloacetic acid (cf p 508) Further 
studies arc needed to define the enzymic reactions involved in the syn- 
thesis of o-ketoisocaproic acid 

«»S Rotner et al, 7 Biol Chem, 134, 653 (1910) 

Holden et al, J Biol Chem, 191, 559 (1951) , 

01 0 Ilci^s and K Bloch J Bwl Chem, 216, 703 (1955), M Strassman et a>- 
J Am Chem 5oc , 78, 1599 (195G) 

I AbeW. / Bwl Chem, 206, 335 (1954), P H Abelsoo and H J Voge) 

ihtd, 213, 355 (1955) ' 
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luer and in pig lieart^® It uill be seen from Fig 7 tliat the steps by 
u hich a-meth} dro\> butj o l-CoA is formed are similar to the initial 
reactions in the degradation of \ aline (p 781) and of leucine (p 788) 
The further oxidation of a-mcth}I-^-h>dro\jbut>rjl-CoA is analogous 
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Fig 7 Degiadalion of isoleucme m aDimal ti.si 


to the corresponding reactions in the oxidation of straight-cham fattj 
acids (cf p 000) Isoleucine appears to be the onU branched-cham 
ammo acid \\hose carbon skeleton can be oxidized via the “fattj acid 
cycle ” 


Metabolism of Leucine 

L-Leucine, like t-v aline and L-isoIcucine, is an essential constituent 
of the diet of higher animals and of the culture media of a number of 
microorganisms The joung rat can use o-ketoisoeaproic acid in place 
of L-leucme, and therefore must be able to ammate the keto acid at a 
rate commensurate with the demands of normal growth Proof of the 
conversion in vivo of the D- to the L-form was obtained b} the isolation 
of deuteroleucine from the proteins of rats fed n-Ieucine containing 
deuterium bound to the yS-, y-, and meth>I carbon atoms The o-Ieucme 
used in this experiment contained as well as deuterium, and the 
Icucme isolated from the tissue proteins also contained some Since 
the D/Ni® ratio ip the protein leucine was much higher than the ratio 
in the p-Ieucme fed, the conversion of the d- to the L-form must have 
G Robin50Q et al J Btol Chem 218 391 (1956) 
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;\ith ATP, and the “active COo” (possibly adenosine-S'-phosphoiyl 
carbonate) participates in a second enzyme-catalyzed reaction with the 
formation of the glutaric acid denvative and /3-Hydroxy-/3- 

inethylglutaryl-CoA is cleaved directly to acetoacetic acid and acetyl- 
CoA, 2 molecules of ^^hlch can give rise to an additional molecule of 
acetoacetic acid 
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Fig 9 Degradation of leueme id animal tissues 


Although enzyme studies have shown that acetoacetic acid and acetyl- 
CoA are formed from isovaleryl-CoA, in the whole animal these product" 
of the breakdown of leueme are metabolized together with the Ketone 
bodies and acetyl-CoA formed from fat or any other source For example, 
the formation in vivo of C 2 units for the acetylation of amines and 
for the formation of fatty acids from the isopropyl carbons of isovaleric 
acid was found to be completely analogous to the formation of tho"e 
compounds from acetone or acetic acid However, the metabolism of this 
isopropjd group m the intact rat has one unique feature the mctlijl 
carbons are used for cholesterol synthesis approximatelj fi\e times a- 
efficiently as is acetic acid (cf p G27) This phenomenon probabl) 
reflects the rclatuc case with which dietary isovaleric acid is converted 
to compounds that are efficient precursors of the isoprene unit of 
cliolesterol, presumably, the formation of these compounds from dietary 
acetic acid occurs at a much slower rate 

^ Chem, 2 16, 727 (1055), 219, 530 (1950), 

B K ^achlm^^at and M J Coon, tbtd , 231, 625 ( 1958 ) 
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Little IS known about the breakdown of Icucmc in microorganisms 
Among the compounds that ha^c been reported to be products of the 
catabolism of leucine arc o-ketoisocaproic acid {Proteus vulgaris), 
«~h>dro\yisocaproic acid {Clostndmm acetobutyheum) , isoamyl amine 
(j easts), and )S-meth>lbutyl alcohol (> easts) ^5 
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Fl 0 8 Poatiil-ited mccham«m for the b>o<i>ntbesi^ of leucine m microorganism?, 
eho^sing the utiUtation of carbon 'iiomd of pjruMc acid for the formation of 
a ketoisocaproic acid For the formation of a ketoi'Oiilcric acid from p>ruMC acid 
see p 784 


The pathwaj of Icucmc catabolism m animal tissues is now fairlv 
completelj established Leucine has long been known as one of the most 
stronglj ketogenic ammo acids, in liter slices the oMdation of I mole of 
leucine produces approximatelj 1 5 moles of ketone bodies (cf p 592) 
The current tiews concerning the mechanism of the formation of aceto- 
acetic acid from leucine in animal tissues finer, kidney, heart muscle) 
are summarized in Fig 9 Experiments with intact rats and with liver 
slices gu en labeled leucine or iso\ alenc acid established the fate of each 
of the carbon atoms of these compounds ” For example, the isopropjl 
group of leucine is converted as a unit to the /S-, and y-carbon atoms 
of acetoacetic acid, with the addition of CO2 carbon, which provides 
the carboxjl carbon of acetoacetic acid The a- vnd jff-carbon atoms 
of leucine are conicrted to an aeetjl group before tJiej arc incorporated 
into acetoacetic acid As shown in Fig 9, the reactions leading to the 
production of j8-hjdro\yisovalerjl-CoA are the same as tliose m the 
degradation of valine to ;S-hjdro\Msobut>rj I-CoA (cf p 781) and of 
isoleucine to a-mcthjl'j8-h>dro\jbutjrjl-CoA (cf p 785) The further 
breakdown of j8-hjdro\jiso\alerjl-CoA depends upon its earboxjlation 
to yield ^-hjdroxy-/?-inelhylglutarjl-CoA, this is a reversible two-step 
process in which CO3 is first “actn ited” m an enzjme-cataljzed reaction 

MM J Coon and S Gunn, / Btol Chetn, 180, 115^ (1949), M J Coon, 
ibid, 187, 71 (1950), R 0 Biad> and S Gunn ibid, 189, 371 (1951) 
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to ethanolamine, have already been discussed earlier m this chapter 
The metabolism of senne is also Imkcd to that of cystine and of trjp- 
tophan, as mil be seen from the later discussion of the metabolism of 
these tuo amino acids 

The production of pjruvic acid by the action of senne dehjdrase 
(cf p 750) explains the gljcogenic action of senne Obviously, if senne 
gues rise, in vivo, to pyruMC acid, the e- and /8-carbon atoms of the 
ammo acid can also be considered a source of Co units and thus of fatt> 
acids and cholesterol As noted earlier (p 779), propionic acid and 
acetic acid are produced in the fermentation of senne by Clostridium 
propionitum The fact that the same fatty acids are produced from 
alanine and from pjruvic and lactic acids points to the existence of a 
clo'^e relationship in the bacterial mclabohsm of all the a-substituted 
3-carbon compounds In higher animals there is a similar convergence 
of metabolic pathways 


Metabolism of Threonine 

L-Thrconino is essential in the diet of animals, but is required by 
only a fei\ microorganisms From studies with mutant strains of 
Neurospora crassa,^^ it was recognized that horaosenne (a-ammo- 
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rig 10 Microbial ^nthesis of threonine from oxaloacetic acid 


y-hydroxj butyric acid) is an important precursor of threonine Apph- 
cation of the direct labeling and the isotope-competition techniques 
(p 786) provided evidence for a biosjnthetic pathuaj in Keurospora 
and other organisms n hereby the carbon skeleton of oxaloacetic acid is 
used, via aspartic acid, for the formation of homosenne ind threonine® 
fFig 10) Knzj mes that catalyze the phosphorylation of aspartic acid b> 

S Emerson, CoW Spnng Ilarhor Symposia Quanl Bwl, 14, 40 (1949) 
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Mefaboltsm of Serine 

Like higher animals, most microorganisms can synthesize serine readilj 
As noted earlier (p 773), the major pathway by which serine is formed 
in higher animals in\ohes the utilization of a 3-carbon precursor that 
can be derned from carbohydrates or fats Thus the administration of 
glucose-l-Ci‘* to rats leads to the biosynthesis of serine labeled mainly 
in the /3-carbon atom Although pyruvate-3-C’^ would also arise from 
glucosc-l-C^^, its administration gives rise to serine labeled equally in 
the a- and j0-carbons*®® Hence pyru\ic acid is not a direct precursor 
of serine xn uii’o, and, before pyru\ate carbon is utilized for senne 
synthesis, it must undergo reactions whereby its «- and ;3-carbons are 
"randomized ” 

A possible pathway for the formation of serine in animal tissues is 
suggested by the finding of a transaminase that catalyzes the transfer of 
an ammo group from L-alanme to hydrovypyruMC acid*® According to 
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the hypothesis first proposed by Sallach, hydroxy py ru\ ic acid {or phos- 
phohy droxy py ruMC acid) is an immediate precursor of senne (or phos- 
phosenne), and is formed from glucose \ia 3-phosphogIy ceric acid 
(p 471) Support for this possibility has come from the demonstration 
that an extract of rat Iner can effect the synthesis of serine from glucose, 
3-phosphogly ceric acid, hydroxy pyruvic acid, or 3-phosphohydroxy - 
pyruvic acid" The formation of phosphosenne, either by the reactions 
show n m the accompany mg scheme or by some other enzymic mechanism, 
IS an important metabolic process, since much of the senne in phospho- 
proteins appears to be present in the form of O-phosphoscrine, and since 
phosphatidylserme (p 568) is a common constituent of the phospholipids 
The mterconversion of senne and glycine, and the conversion of senne 

F Nyc and I Zabin, J Biol Ckem, 2 1 5, 35 (1955) 

®8H J Sallach J Biol Chem,22Z, 1101 (1956) 

Ichihara and D M Greenberg J Biol Chem 224,331 (1957), C E Ballou 
and R Hesse J Am Chem <Soc,78, 3718 (1956) 
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of the bond beUeen the and /J-carbon atoms to jield gljcine, the 
Ca unit arising from the and y-carbon atoms is coD\ertible m vivo to 
acetate, higher fatty acids, and cholesterol Different h\er enzjmes are 
imohed m the formation of gljcino from L-threonine and from L-seniie*= 
The enzyme Tvhieh acts on L-threoninc (threonine aldolase) caialjzes the 
formation of glycine and acetaldcbjdc Some microorganisms also con- 
vert threonine to glycine, but the mechanism of this process is not known 

NHaCHCOOH p — ^ miiCHzOOOH 1 NHaCHCOOH 

CH^jOH ' »-HCHO CHO-6 » CHOH 

i > ^ 

\ <^3 CHs 

HCOOH CHaCOOH Tbrwma* 

Clearlj , the clea\ age of threonine to yield gl> cine permits the metabolic 
utilization of threonine as a precursor of serine, and hence of carbo- 
h) drate Another raecliatusra for the utiUaation of threonine carbon for 
carbohydrate sjathesis in\ohes the dehjdration of threonine to a-keto- 
butjric acid, r^hich is decarboxjlated to yield propionic acid (cf p 79t) 

Metabolism of the Sulfur Ammo Acids®®" 

The close interrelationships in the metabolism of the sulfur-containing 
ammo acids (methionine, cjgtine, and cjsteme) make it desirable to 
discuss these ammo acids together Furthermore, although both c\stme 
and cjsteine residues are present in proteins (p 57), the re\ersibk 
lnte^con^e^Slon of cystine and cysteine is readily accomplished by most 
organisms, and the two compounds may be considered as a single anuno 
acid m metabolism 

Methionine is an indispensable ammo acid for all animals that ha\e 
been im estigated , on the other hand, cy stine and cy steine are dispensable 
Either l- op n-methiomne will satisfy the dietary requirement, and the 
ammo acid may be replaced by the corresponding a-keto acid In general, 
both D- and L-mcthioninc have activity as growth factors for those 
microorganisms known to require the ammo acid It is, however, quite 
common for an organism to require cystine rather than methionine, here 
either cystine or cysteine can be used 

Metabolic Relationships between Methionine and Cystine Since a 
large part of the dietary requirement of animals for methionine can he 

«5S C LmanrJD M Greenberg,/ Gen PAysiot^ 38, 181 (195^), M ^ Karastk 
. Greenberg J Bwl Ckcm^ 227, m (1957) 

V 0“ Vjgneaud, //ariev Z/Cctaree, 38 , 30 (1943), A Trail o/ ^eaccreft. Cornell 

Um\emi> Press Ithaca. 1952 

C Fromageot Hariej/ Lectures, 49, 1 (J955) 
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ATP (“jS-aspartokinase”), the reduction of aspartyl phosphate (“aspar- 
tic semialdchjde dehjdrogcnasc”), and the reduction of aspartic scmi- 
aldehjde to homoserme (“homosenne dehydrogenase”) ha\e been 
obtained in partiallj purified form from yeast"'’ Tiie con\ersion of 
homosenne to threonine has been demonstrated uith extracts of Esche- 
richia coll and of yeast,’’’^ and requires the presence of pyridoxal plios- 
phate and of ATP , the process is behe\ ed to ln^ olv c the initial con^ ersion 
of homosenne to a phospliato-containing intcimcdiatc from iihich threo- 
nine IS formed 

Threonine is a precursor of the o-ketobuty nc acid used m the microbial 
biosynthesis of isoleucine (cf p 783) In this connection, it may be 
added that E colt contains not only dchydrases (cf p 756) for L-threo- 
nine and n-throoninc, but also a threonine racemase In this organism, 
therefore, a-ketobuty nc acid can arise from n-thrconine either by direct 
dehydration (and deamination) or by raccmization of the n-amino acid, 
followed by dehydration 

Just as threonine is the next higher homolog of serine, so the fatty 
acids formed by the fermentation of threonine by se\eral anaerobic 
bacteria arc the next higher homologs of the acids formed from serine 
The fermentations by Clostndmm propiomcum arc shonn m the accom- 
panying equations The carbon chain of butyric acid arises directly 

3 Serine + HsO — ♦ 3 NH 3 + propionic acid + 2 acetic acid + 2 CO 2 
3 Threonine + HjO 3 NH 3 + buty nc acid -h 2 propionic acid -f- 2 CO 3 

from that of threonine,®’ unlike the formation of butyric acid by other 
Clostridia, this process does not appear to in\ol\e the intermediate 
formation of C 2 units (cf p 608) 

In some respects, the metabolic fate of the tno hydroxy ammo acids 
is also similar in higher animals As not«d pre\iously (p 756), the 
deamination of threonine follows a pathway like that of serine Howe\er, 
the deamination of threonine tn mvo apparently is irre\ersible, since the 
carbon and nitrogen of protein threonine are derned solely from dietary 
threonine®^ Except for lysine, threonine is the only ammo acid known 
to be unable to deri\e its nitrogen from other ammo acids 

In higher animals, threonine (like serine) can be degraded by rupture 

59 S Blick and N G Wright J Biol Chem, 213, 27, 39 51 (1955) 

c®! Watanabe et al J Biochem {Japan), 42, 837 (1955), 43 , 283 (1956) 

E Umbarger and B Brown, J Bact , 71, 443 (1956), 73, 105 (1957), H. 
Amos, J Am Chem Soc , 76, 3853 (1954) 

D I ewis and S R Elsden, Biochem J , 60, 6S3 (1955) 

A Barker and T Wiken, Arch Biochem, 17, 149 (1948) 

D F Elliott and A Neuberger, Biochem J, 46, 207 (1950), H L Meltzer 
and D B Spnnson, J Biol Chem, 197, 461 (1952) 
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cysteme and L-senne, and cleave the thioethcr to produce i-cystcinc 
(cf Fig 11) > pyndoxal phosphate is required for both the enzjmic 
synthesis and cleaNage’^ 

There is some uncertainty about the nature of the other product 
formed from cystathionine a-Ketobuljnc acid has been isolated after 
incubation of cystathionine with cr>staihne "cystathionase” (from rat 
h\er) This «-kctQ acid could arise by deamination of homoserine 
formed by a hjdrolytic cleaxage of cystathionine, the enzyme prepara- 
tion used in these experiments has been shown to produce a-ketobutync 
acid from L-homoserme o-Kctobut>ric acid can be ammated to yield 
tt>aminobutyrjc acid which, like a-kctobutyric acid and homoserine, is 
a known product of methionine metabolism in higher animals’^ It 
siiould be added that carbon atoms 2, 3 and 4 of methionine and of 
homoserine are comerted as a unit to carbon atoms 1, 2, and 3 of propi- 
onic acid, and can be used for the biosjnthesis of glucose’* 

The scheme shown in Fig 11 represents the major pathway of cysteine 
b>nthesi8 m higlicr animals, and is essentially an irre\ersibJe process’* 
In contrast to the rat, se\eral microorganisms apparently synthesize 
methionine from cystine, the process by which this synthesis is accom- 
plished IS essentially a re\crsal of the pathway from methionine to 
cystine in animals Four types of mutants of Neurospora crassa ha\e 
been classified as sulfur amino acid mutants, each type appears to be 
unable to perform one of the reactions indicated by the letters a, b, c, 
and d m the biosynthetic pathway shown The mutant blocked at b 
produces reUtnely large amounts of L-cystathionme from the sucrose 


^L-Homosenne 


L-Threonme 


\ I 

L-Cysteine ' ' , L-Cystathionme — 5^ L-Homocysteme — f-*" l.-M«*hiQnine 


carbon and ammonia nitrogen of the medium, nhereas the mutant 
bloched at c sjnthesizes abnormally large amounts of threonine and of 
an ammo acid that is presumed from its hiological activity and chromato- 
graphic beliarior to be homoserine’® L-Homoserine is present m green 
plants,” but Its metabolic origin is not knoira 


” F Bmklej ct al , / nwl Ckem , 194, 109 (1932) , D E Mctzler et nl . .1 
Chem Soc, 76 , 618 ( 1951 ) 

KY Matsuo and D M Greenberg J Btol C/iem, 230, 515, SOI (195S) 
rsy Matsuo and O M j chnn, 215, 517 (1935), 221, 679 


S i hi’l"* ct a) , J Bwt Chem , 221, 883 (1956) 

“nd J C Cranhnil, Btockem J ,55, 280 (1053) 
ir't' ^ ^ Horooitz, y Biol Ckem, 190, 277 (1951) 

A M Berg et al, Ada Ckem Semd 8, 358 (1954) 
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met b> c) stine (or c>steme) j®** it was suggested early m the study of the 
metabolism of the sulfur ammo acids that the sulfur of methionine is 
used in the biosynthesis of cystine, this was proved by the administration 
(to the rat, dog, and human) of S®®-methionine and the isolation of 
labeled cystine from the test animal The first step in the conversion of 
methionine to cystine involves the reversible demethy lation of methio- 
nine to produce homocysteine (a-amino-y-thiolbutync acid) Like 
L-cystme, both d- and L-homocystine (and homocysteine) exert a sparing 
action on the dietary requirement of the growing rat for methionine, and 
they also can completely replace the dietary methionine if the diet is 
supplemented by appropriate vitamins (cf p 807) 

The production of cysteine by slices or homogenates of rat liver in 
the presence of methionine or of homocysteine involves the participation 
of serine, and as an intermediate there is formed the thioether L-cysta- 
thionine, S-(/3-amino-^-carboxy ethyl) -L-homocysteine (Fig 11) Cysta- 
thionine is also formed from methionine in the intact rat*"® However, 
since L-cystathionine replaces cystine but not methionine in the diet of 
the growing rat, it can be cleaved tn vivo to form cysteine but not 
homocysteine Extracts of rat liver form L-cystathionine from L-homo- 
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Fig 11 Metabolic con%ersion of methionine m higher animala 
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tv C Rose et al / Biol Chem , 215, 101, 2 1 6, 763 (1955) 
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adenosme-3'-phosphatc-5'-phosphosulfatc“) reacts the phenohnthe 
presence of a second en 2 >me*^ Among the ethereal sulfates are deri\a> 
tives of h>drox>lated steroid hormones (p 646) Adenosine-3'-phos- 
phate-5'-phosphosulfate may also be a participant in the sulfation reac- 
tions that occur in the formation of chondroitin sulfate {p 424) by chick 
embryo cartilage ®- 

Ammal tissues and some microorganisms (eg, Aspergillus) contain 
sulfatases®'' which cataljae the hvdrol>sis of aryl sulfates such as phenol- 
sulfuric acid, marine mollusks are cspeciallj rich in the&e enzymes, anil 
also contain a sulfatase specific for steroid sulfates 
Urine usuallj contains small amounts of thiosulfate, this substance is 
formed by enzymes (present m In or and kidney®"*) in a reaction between 
^-mercaptopyru\ ic acid and moiganic sulfite, both of which arise from the 

HSCH2COCOOH + SO32- CH3COCOOH + SjOa^- 

metabolism of a-cystemc The cnzjme rhodancse, which has been 
cr>8talhzcd from beef Iner,®* cataljzcs the "detoxication" reaction be- 
tween thiosulfate (or organic thiosulfonates) and cyanide, which w 
concerted to thiocyanate 

8203“” -f- CN" SO3"” -h SCN” 


In higher animals, the formation of inorganic sulfate from organic 
sulfur compounds probably occurs by the oxidation of the c> stemc-sulfur 
prior to cleavage of the C— S bond of the amino acid The existence of 
this pathway , which was suggested b> Pine in 3934, has been demon- 
strated in experiments with intact animals given S®®-labcled compounds 
and with the cnzjmc systemsi involved As showm in Pig 12, cjsteine 
13 oxidized in the liver to cysteine sulfinic acid, an ammo acid first 
detected as a constituent of brain tissue The mechanism whereby this 
oxidation is effected is unclear, but cysteine sulfinic acid is known to be 
converted to ^-sulfinyl pyruvic acid, which is cleaved to pyruvic acid 

80 P w Robbjus and F Lipmann, / Biol Chem, 229, 837 (1957), 233, 681, 6S6 
(195S), F Lipmann, Saence, 123, 575 (1958) 

81 R H DeMeio ct a! , J Biol Chem^ 2X3, 439 (1955), Biochim ct Bwphys 
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OAbramo and F Liprnann, Biockim el Biophys Acta, 25, 211 (1957) 

C Fromageot, in J B Sumner and K Myiback, The Enzymes. Vol 3, Ciiaptcr 
13. Academic Press "iork 1930, K S Dodgson et al . FmcAm J 65 , 131,608, 
^ ® Oodgson and B Spencer, Ann Heps, 53. 318 (1957) 

84 B Sor^ Bwchxm ct Biophyt Acta, 21 . 393 (1956) , 24, 324 <19a7) 

Bfl? <^hcm Scand, 7, 1129, 1137 (1953), 8, 604 (1951) 

J Wingo, J Btol CAm, 203, 189 (1953), T P Smger &ad 
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It has been assumed that Neurospora can con\ert methionine to cjstine 
since no mutant has been found to exhibit a specific requirement for 
cjstine, thus strains tint respond to c\stinc also respond to methionine, 
homocjsteine, or c) stathionine This conclusion docs not applj to all 
microorganisms, ho\\c\or For example, strains of Escherichia coli that 
make methionine from cystine cannot sjnthcsizc, from methionine, all 
the cystine thej require for growth'^* It is of interest that extracts of 
E coll com ert cj stathioninc to homocj stcinc, p\ ru\ ic acid, and ammonia 
bj a process that does not appear to in\ohc senne as an intermediate 

The lower homolog of methionine, S-mcth>lcjsteine, can arise from 
senne and methyl mercaptan (CH 3 SH) in the presence of an enzjine 
preparation from yeast’” It is probable that the S-mctbyl-L-cysteine 
sulfoxide (p 60) found m plants is fonned by oxidation of S-methj 1- 
L'Cjsteine 

End Products of Metabolism of Sulfur Amino Acids In normal animals 
the sulfur of methionine and cjstinc is excreted mainlj as inorganic 
sulfate, although a-kcto-y'incth>lthiobutjric acid (the koto acid den^ed 
from methionine) and methionine sulfoxide have also been detected 
as urinary constituents In addition, approximatelj 10 per cent of the 
unnarj sulfur is in the form of esters of sulfuric acid (e g , phcnolsulfuric 
acid) These dcri\ati\cs (“ethereal sulfates”) are formed in the li\er 
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bj conjugation with sulfate of aromatic hydroxy compounds, produced 
in large part by the bacterial degradation of aromatic ammo acids in 
the intestinal tract (cf pp 832, 844) The conjugation in\ol\es the 
initial “actuation" of inorganic sulfate, in an enzymic reaction with 
ATP, and the resulting “active sulfate” (probablj the mixed anhjdnde 

’®S Simmonds, J Biol 174, 717 (1918), D B Cowie et al , / Bad 60, 

233 (1950) 

’SEC Wolff et al, J Am Chem Soc, 78, 5958 (1956) 
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sulfur bactena are Thiobacillvs thiopanis, isbich oxidizes thiosulfate to 
sulfate, and ThiobaciUus demtnficans, in which the oxidation of sulfur to 
suUate IS coupled to the reduction of nitrate to Kg 


Transmethylation ^ ®® 

Ifc was mentioned earlier that the ability of homocystine and homo- 
cjsteine to replace methionine in growth tests with joung rats depends 
on the \itamin content of the diet Until 1950 it appeared highly prob- 
able that the ingestion of compounds containing "preformed" methji 
groups was a prerequisite for the continued growih and health of animals 
recemng homocjfctine as the mam source of sulfur amino acids Subse- 
quenlij , it w as recognized that animals, as w ell as microorganisms and 
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plants, can synthesize the methyl group of methionine from simple 
l“Carbon compounds, although this process represents a minor pathway 
of methionine formation jn ammals that normally mgest adequate 
amounts of this ammo acid The discussion which follows is concerned 
with the biological transfer of methyl groups (transmethylation) f the 
^nthesis of methyl groups is considered on p 806 
Several compounds sene as dietary sources of prefonned methyl groups 

Cballenger. Qaori «€t«, 9,255 ( 1935 ) 
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and sulfite The oxidation of inorganic sulfite to sulfate is catalyzed bj 
a luer cnzjme (sulfite oxidase) which appears to require lipoic acid and 
hjpoxanthinc as essential cofactors Although it has been reported that 
the sequence of reactions by which sulfite is produced from cjsteine is 
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Fig 12 Catabolism of cjsleme m higher animals 


reversible,®® it is doubtful whether significant amounts of cjsteme are 
formed tn vivo bj such a pathwaj 

The scheme in Fig 12 also indicates the routes leading from cjsteine 
to taurine, which occurs in the free state in in\ ertebrates and is a con- 
stituent of the taurochohe acids in the bile of mammals (p 635) The 
major metabolic pathway of taurine formation appears to in\ohe the 
enzjmic decarboxjlation of cjsteme sulfinic acid (cf p 767) to jield 
hjpotaurine, which is oxidized to taunne, inorganic sulfate also is formed 
from hypotaunne The con\crsion of cysteine sulfinic acid to cjsteic 
acid, and thence to taurine, is probablj a minor route, because the 
decarboxjlation of cysteic acid is much slower than that of cjsteine 
sulfinic acid Taurine itself does not gi\c rise to inorganic sulfate unless 
it IS administered orally, presumably, taurine is degraded by the intes- 
tinal microorganisms 

In the intact rat, the carbon atoms of cjsteine (and of cjstine) are 
metabolized \ia pjruvic acid’® In addition to the mechanism of 
pyru\ate formation shown in Fig 12, the lucr can effect the desulfhj- 
dration of cjsteine (cf p 756) and also can convert cjsteme to /3-mercap- 
topyruvic acid, which is further metabolized in liver to pyruvate and 
H2S®' 

Fridovich and P Handler, J Biol Chem , 223, 321 (1956), 228, 67 (1957) 
Chapeville et al Biochtm el Biophys Acta, 20, 351 (1956) 

89 L EIdjarn et al J Biol Cftem , 223, 353 (1956) 
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betaine senes as the methyl donor for the conversion of homoosteiae 
to methionine The enzymic oxidation of chohne proceeds in two 
steps m the first, chohne is oxidized bj FAD in the presence of choline 
oxidase to form betaine aldchjde,^®* which is then oxidized to betaine 
by a DPN-dependent betaine aWchyde dehydrogenase A similar 

(CH3)3NCH2CH20H-> (CH3)3NCH2CH0-> (CH3)3NCH2C00- 
oxidation of chohne to betaine probably occurs in green plants and in 
some bacteria, but the enzymes involved have not been characterized^®’ 
In mammalian liver, which contains the enzyme system ^‘betame- 
homocysteme transmethy lasc,” betaine donates one of its methyl groups 
to homocysteine with the formation of methionine and diraethylglycme’®* 
As noted prev lously (p 776), diracthylglycmc can be oxidized m the liver 
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to formaldehy’de and glycmc Consequently, in the presence of the 
requisite oxidative and transmcthylatmg enzymes, chohne can give rise 
to glycine,’®’ as shown in the accompanying scheme 

Chohne is readilv formed from etlianolamine (aminoethanol), and the 
results of isotope experiments’®® support the view that monomethyl- and 
dimethylaminoethanol arc natural intermediates m the biosynthesis of 
chohne m the rat The stepwise racthylalion of ethanolamine to cholme 
also occurs m Kturoh-pora crassa and probably in higher plants Little is 
know n about the enzy mic mechanism of this conv ersion, but the av ailahle 
data suggest that only the synthesis of chohne from dimethy 
ethanol involves a transmethylation reaction in which methionine sup- 
plies a preformed methy 1 group 

The behavior of the thetm derivativ'es listed on p 801 as “methyl 
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in animal growth tests the natural products choline (a constituent of 
the tissues of animals, plants, molds, fungi, and other microorganisms), 
betaine (found in higher and low er plants as w ell as in animals) , dimethyl- 
^-propiothetin (found in some marine algae), a-aminodimethyl- 
y-butjrothetin (or S-methjlmethionine, present m many vegetables), 
and the compounds “monoethylcholine/’ dimethylthetm, and methyl- 
ethylthetin, none of which is known to occur in nature Since these 
compounds permit the ready utilization of homocysteine as a precursor 
of methionine, thej ha\e been called “meth>l donors," and their methjl 
groups are referred to as “labile” It will be seen from the structural 
formulae that the molecules contain either an ammonium or a sulfoniuin 
group Howe\cr, all compounds in which methjl groups are attached to 
an “onium” atom are not methjl donors, for example, “arsenocholine" 
does not act like choline m growth tests Furthermore, the S-methyl 
group of methionine also is "labile", however, this amino acid is con- 
\erted to a sulfonium compound before the metabolic labilization of its 
methyl group (cf p 804) In general, sulfonium compounds arc readily 
hydrohzed in water, with the loss of one of the alkjl groups as an alcohol, 
in the presence of \arious substances (eg, amines, thiols), the R' group 

RaSR' -f OH- RSR + R'OH 

may bo transferred nonenzjmically to such “acceptors” Sulfonium 
compounds ha\c been included in the group of “energy-rich” substances 
(cf p 380), although reliable data for the free cnorgj of their h>droIysis 
are not a\ailable 

The occurrence of biological transmeth>lation reactions was suggested 
to explain the results of growth experiments with rats fed homocjsteine 
and choline Subsequent studies, in which dcutenum-Iabeled choline, 
le, (CDslsN+CHoCHoOH, was used, demonstrated that the transfer 
in VIVO of methyl groups from dietaiy cholme to tissue methionine occurs 
e\cn when the diet is devoid of all sulfur amino acids Clearlj, the 
animal organism is able to deinethjlate the methionine already present 
m the tissues and can attach a new methyl group to the deraethylation 
product to regenerate the ammo acid Bj means of isotopically labeled 
compounds, it has also been shown that a reversible transmethylation 
reaction involving choline and methionine takes place even if both methyl 
compounds are supplied m the diet 

Studies with tissue preparations showed that cholme does not donate 
a raethjl group directly to homocysteine, but must first be oxidized to 
betaine Thus, under aerobic conditions, slices and homogenates of rat 
liver methylate homocysteine to methionine and use either choline or 
betaine as a source of methjl groups, but, in the absence of oxygen, only 
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and it involves two distinct enzymic reactions”- In the first reaction, 
methionine and ATP interact to form S-adenosylmethionme in the pres- 
ence of the “methionine-activating enzyme”, in the concomitant cleavage 
of ATP, the terminal phosphoryl group is liberated as inorganic phos- 
phate, and the two internal phosphoryl groups appear as inorganic 
pyrophosphate In the second reaction, which is catalyzed by “guani- 
dinoacetate methylphcrase,” the methyl group is transferred from 



S-adenosylmethionine to guanidinoacctic acid, and S-adenosylhomocys* 
teine and creatine are formed The structures of S-adenosylmethionine 
and of S-adenosylhomocysteine have been established by chemical syn* 
thesis In Iner homogenates, S-adenosylhomocysteme is cleaved to 
yield free homocysteine, the enzymic mechanism of this process has not 
been elucidated 

The methyl group of creatine is not labile since it is not transferred 
xn VIVO to choline Nor is the nitrogen of creatine used by the animal 
body as a source of nitrogen for protein synthesis Creatine may be 
considered, therefore, to be an end product of the mammalian metab- 
olism of glycine, arginine, and methionine Normally only small amounts 
of creatine are excreted in the urine of mammals, before excretion 
creatine is largely converted to its cyclic anhydride creatinine Creatine 
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donors” is of interest since none of these sulfonium compounds has 
been detected in mammalian tissues Kot onlj do dimethjlthelm and 
dimethjl-/3-propiotlietin permit the growth of rats on homocjstine diets, 
but botli compounds are better mcth>l donors than betaine for the syn- 
thesis of mctliionmo by Ii\er enzyme preparations It appears that 
mammalian and aaian h\ers contain a specific “thetin-homocy steine 
transmethylasc”^'^® which catalyzes the reaction between dimcthylthctin 
and liomocysteine to form S-mtthy Itliiogly colic acid (CH3SCH2COOH) 
and methionine 

The metibohsm of S-mcthylmethionme has been studied mainly in 
microorganisms Cell-free extracts, of Aerobacter aerogenes effect metlnl 
transfer from this sulfonium compound to hoinocystcmc, the net reaction 
is S-mcthylmcthionmc -h homocysteine-^2 methionine’®® This trans- 
methylation reaction is behc\cd to occur in yeasts, which utilize 
S-methylmethionine (but not other sulfonium compounds, choline, or 
betame) as a source of the methyl group for the conversion of homo- 
cysteine to methionine 

In addition to the reactions yielding methionine, a number of otlier 
transmethylation reactions arc known to occur m animals and plants, 
one of the most important of these is the reaction by which creatine is 
formed In 1935 it was suggested indcpcndenth by Brand and by Lewis 
that methionine might serv e as the source of the methy 1 group of creatine 
Experimental evidence for the occurrence of this transmethylation reac- 
tion has come from studies in winch isotopic compounds were fed to 
animals, and from the elucidation of the enzymic processes invoh'ed In 
the synthesis of creatine, glycinc and arginine participate m a reaction 


(transamidmation) by which the amidine group of arginine is transferred 
to the nitrogen of glycine to form ornithine and guamdinoacetic acid 

NH 


11 

NH— (^NHz 

NH, NH 2 

j 

(CH2)3 

1 1 

(CH2)3 c=nh 


NHainCOOH + NH 2 CH 2 COOH ;=i NH2iHC00H + iIhCHzCOOH 

Argimae Glycine Ornithine Guamdinoacetic 

BCid 

(also named glycocy amine) , this reaction is discussed further on p 812 
The methy lation of guamdinoacetic acid by methionine occurs in liver,"’ 

108 J Dubnoff and H Borsook / Biol Chem, 176, 789 (1948), G A Maw 
Btochem /, 58, 665 (1951), 63, 113(1906) 

109 s K Shapiro, et Biophys Ada 18, 134 (1955) 

110 F Schlenk and R E DePalma, ArcA Btochem and Biopkys 57, 266 {19o5) 
’I’H Borsook and J W Dubnoff, / Biol Chem 169, 247, 171, 363 (1917) 
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studied early in the history of Tvork on the biosynthesis of methyl 
groups 

The Biosynthesis and Oxidation of "Labile" Methyl Groups The 

formation of methyl groups by li\ing organisms tv as of interest to 
mvestigators long before the disco\ery of biological transmethylation 
It has been known for many years that various molds can convert inor- 
ganic compounds of arsenic, tellurium, and selenium into volatile methyl 
derivatives having distinctive odors The formation of trimethylarsme, 
whose garlic-like odor was first reported by Gmelin in 1839, was used b\ 
Gosio in 1893 as the basis of a biological test for arsenic Man and 
other animals can form dimcthyltelluride and dimethylselenide, and 
preparations of dog liver, lungs, and testicles readily convert inorganic 
compounds of selenium and tellurium to odorous substances, apparently 
bacteiia are not capable of methylating these metals The early students 
of this subject suggested that an indirect methylation reaction is respon- 
sible for the formation of compounds such as tiimcthylarsine, and that 
formaldehyde serves as the precursor of the methyl groups As men- 
tioned above, methionine (rather than choline, betaine, or any of the 
thetins) appears to be the direct source of the methyl groups, however, 
the methyl group of methionine can be synthesized from formaldehyde 
in all types of organisms 

It has been shown that both formaldehyde and formate can be con 
verted by animals to "labile" methyl groups present in methionine and 
choline, and in other methyl compounds derived from methionine*'® 
furthermore, “labile" methyl groups are formed from carbon supplied 
as any one of the known precursors of “active Ci units" (cf p 774) 
Such methyl synthesis proceeds within the tissues of rats maintained on 
diets containing adequate amounts of methionine and choline, le, even 
when there is no obvious need for the formation of methyl grci’ps de novo 
It must be added, however, that under normal conditions jiost of the 
labile methyl compounds in the animal body are probably derived 
directly from the diet or formed in vivo by transmethylation reactions 

Extracts of liver^^^ and of Eschenckia have been shown to 

utilize carbon supplied as formic acid, as formaldehyde, or as the 
^-carbon of serine for the conversion of homocysteine to methionine 


120 F Challenger, (7/jcni 36,315 (1945) 

121 J A Stekol, in W D McElroy and B Glass, Ammo Acid Afetabolism, ^ohas 

Hopkins Press, Baltimore, 1955 

122 V du Vigneaud et al, Science, 112, 267 (1950), J Am Chem Soc, 72, 2SI9 
Y A D -Welch, J Biol Chem, 107, 379 (1950) 

lo! Z ‘n V^en^ud et al , y Am Chem Soc , 78, 5131 (1956) 

, . Chem, 205, 145 (1953), A Nakao and D M Greenberg, 

J Am Chem Soc , 77, 6715 (1955) 

J25C VV HellemerandD D Woods, Biockem /, 63, 26p (1956) 
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occurs in relatnely large amounts m the tissues of higher animals, espe- 
cially in muscle, ^here creatme phosphate pKjs an important physio- 
logical role (cf p 486) 

A numbei of microorganisms can utilize creatine as a source of nitro- 
gen for protein synthesis Among these are se^e^al species isolated from 
soil One such organism {Ps^domonas ovalis) appears to clea\e 
creatine to urea and sarcosinc, uhich is oxidized to CO 2 , NH 3 , and HoO 
after prior conversion to glycine and formaldehyde 
After yeast has grov\n in the presence of methionine, there may be 
isolated from the medium 5'-thiomethyladenosino (p 206), iihich appears 
to be formed by the transfer of a thiomethyl group (CH«jS — ) from 
methionine to adenosine”' Methyl mercaptan is also used by growing 
yeasts as a source of the thiomethyl group of thiomethyladcnosine, 
presumably, the CH3S — group is first incorporated into methionine, 
and then transferred to adenosine In some strains of Aerobacter 
aerogenes, thiomethyladenosinc can serve as a source of the thiomethyl 
group of methionine,^*® thus providing an alternative route of methionine 
formation in this organism 

Among the N-mcthyl compounds found m animal urine is N^-methyl- 
nicotinamide, the principal excretory product of the vitamin nicotin- 
amide (Chapter 39) The mcthylation of nicotinamide occurs in the 
liver,**’ and, as m the formation of creatine, involves a reaction of 
S-adenosylmetluonine, which donates its methyl group to nicotinamide 
in the presence of the enzyme “nicotinamide mcthylpherase ”**® Other 
N-methyl compounds found in mammalian tissues are the dipeptide 
anserine (p 137) and the hormone adrenalin (p 828) Isotope experi- 
ments have shown that, in vivo, methionine provides the methyl group 
of each of these substances 

In higher plants, the methyl group of mctluonme is used as a precursor 
of the 0-mcthyl groups of hgmn (p 422) and the N-methyl groups of 
some alkaloids (eg, nicotine, p 860) In the molds Scopulanopsis 
brevicauhs and Aspergillus niger, methionine provides the methyl groups 
for the formation of tnmethy larsine [(CHslsAs], dimethyltellunde 
[(CHi) 2 Te], and dimethy Iselenide [(CH 3 ) 2 Sel **® These methyl com- 
pounds are of special interest, since the mode of their formation was 

114 R Dubos and B F Miller, J Bwl Chem , 121, 429 (1937), R II Nimmo- 
Smith and G Applejard J Gen Mtcrobtol, 14, 336 (1956) G Appleyard and 
D D 'Woods, tbtd, 14, 351 (1956) 

115 F Schlenk and R E dePiima J Biol Chem, 229, 1037 (1957) 

116 M Schwartz and S I\ Shapiro J Bact , 67, 98 (1954) 
iiiyV A Pcrlzweig et al , J Biol CAcm , ISO, 401 (1943) 

118 G L Cantoni J Biol Chem, 189,203 745(1951) 

116 F Challenger et al J Chem Soc, 1954, 1760, P B Dransfield and F Chal- 
lenger, ibid , 195S, 1153 
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reactions {cf p 774), and its oxidation may depend on its prior incor- 
poration into a foUc acid denvati\e^ from ivhich formaldehyde is 
liberated and then oxidized *** 

Metabolism of Lysine^®* 

L-Ly smc is an indispensable constituent of the diet for all animals that 
ha\e been studied This nutritional requirement for lysine is extremely 
specific since only the L-isoraer and a fen dcnxatives in which the <-amino 
group has been substituted (eg, the «-N*methyI and <-N-acetyl com- 
pounds) support the groxvth of rats*^ o-N-Acetyllysine is ineffectne 
in this regard, but data from isotope experiments indicate that this 
derivative can be converted slonly to lysine in vivo 
Experiments in nhich lysine labeled m the a-amino group nith 
and in the carbon chain nith deuterium have demonstrated concluaixely 
that all the lysine in the body proteins is derived directly from the lysine 
in the diet, thus lysine does not undergo reversible deamination at the 
a position in VIVO, nor is the carbon skeleton of the D-smmo acid used 
for the biosynthesis of tlie L-fonn The t-ammo acid oxidases of animal 
origin do not attack lysine, and only a very small amount of transamina- 
tion between lysine and «-kotoglutaric acid has been obsened, never- 
theless, the a-amino nitrogen of lysine has been recovered in other protein 
ammo acids and in the urea and ammonia excreted by rats fed 
contaming lysine The fact that L-aramo acid oxidase deammates <-N’ 
acetyllysine suggests that the «-amino group of lysme must be masked 
before the o-amino group is subjected to enzymic attack^®* 

Studies on the metabolism of labeled lysme in homogenates of guinea 
pig hveV®* m dogs,^^® and m rats*®^ have provided evidence for the 
pathway of lysme degradation shown m Fig 13 The feeding of lysme 
leadb to the excretion of pipecohc acid and of L-a-aminoadipic acid, both 
of which derive their nitrogen from the e-amino group of r-lysme 
Another excretory product of lysme metabolism is glutane acid, which 
IS a source of «-ketoglutanc acid and of glutamic acid Liver prcpvra- 
tions also convert lysine to a-ammoadipio acid, the latter is deammaf^^ 
slowly to yield an a-keto acid that is decarboxylated rapidly to glutaric 

laiR L HerrraaQa et al , / Am Ckcm Soc, 7T, 1902 (1955) 

J32E Work, m W D McElro> and B Glass Ammo Actd Metabolism, mas 
Hopkins Pres?, Baltimore, 1955 
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et a! , / Biol Chem , 176, 1383, 1395 (1048) 

^ ^hman et al , Arch Biockem , 29, 447 (1950) 

M Jlolhstem and L L MiHer, / Biol Chem, 206, 243, 211, 851 (1954) 
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Although the mechanism of this comcrsion has not been elucidated, it 
IS of interest that, in the intact rat, the /B-carbon of serine is more effcctn e 
than the other kno^n carbon sources for raethjl synthesis, and that 
the ^-methjlene group of serine [supplied as H 0 C*^D 2 CH(NH 2 )C 00 H] 
is utilized intact in tlie sjnthetic process The possibilitj exists that 
the — CHoOH group of serine is transferred as a unit to the sulfur atom 
of homocj steine to form S-hj droxj methylhomocj steine, w Inch could then 
be reduced to methionine As noted before (cf p 775), a “hjdroxj- 
mcthyltetrahydroPGA” is presumed to be formed in the clea^age of 
serine to gljcine Such an intermediate might also serve as a “carrier" 
of the Cj unit required for the sj nthcsis of methionine 
In order for a joung rat to grow on a homoevstme diet devoid of all 
recognized mcthjl compounds, an adequate supply of fohe acid and 
of vitamin (Chapter 39) must be available to the test animal The 
importance of these two vitamins m the synthesis of methjl groups has 
been suggested b> work with botli animals and microorganisms^-® Al- 
though the role of folic acid in mcthjJ synthesis is clearly related to its 
function in the metabolism of Ci compounds, that of vitamin Bi 2 has 
not been established 

In higher animals, the methji groups of dimcthjlaminocthanol (cf p 
802) appear to be formed from Ci precursors rather than b> trans- 
methylation reactions Methyl bj nthcsis is also thought to be involved 
in the formation of dimcthjlaminocthanol and of choline in higher 
plants ' 2 ^ The compounds that serve as sources of carbon for the forma- 
tion of mcthjl groups in animals arc also used as precursors of the methjl 
groups of other plant constituents (eg, hgnin, nicotine) However, in 
higher plants, formaldehjde and the a-carbon of gljcme appear to be 
more effective sources than is the jB-carbon of serine 

In addition to the transmethjlation reactions in which thej participate, 
“labile” methyl groups undergo oxidation in the animal bodj Thus 
C^^-labelod methjl groups fed to rats as methionine, choline, betaine, 
dimethjlthetin, dimethj Ipropiothetin, or svrcosine (but not as creatine) 
are converted to respiratorj and labeled formate and formalde- 

hjde excreted in the urine*®® Conscquentlj , anj “labile" methjl group 
must be considered a potential source of Cj units used in biosjnthetic 

128 H R V Atnsteiu and A Neuberger Btochem J , 55, 259 (1953) 

1-1 D Elnyn et al J Biol Chem , 213, 281 (1955) , B A Lowy et al , tbid , 220, 
325 (1956) 

128 M A Bennett J Biol Chem, 1S7, 751 (1950), V\ Slave, Ann N I Acad 
Sci, 52, 1212 (1950) B D DaMs and E b Mmgioli, J Bad 60, 17 (1950), J A 
Stekol et al , y Biol Chem , 226, 95 (1957) 

12!>H M Bregoff and C C Delwichc J Btol Chem, 217, 819 (1955) 

180 c G Mackenzie et al, 7 Biol Chem 169, 757 (1947), 183, 617 (1950), 
C G Mackenzie and V du Vigneaud, i6«d, 185, 185 (1950) 
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The conversion of lysine to a-aminoadipic acid is not reversible in 
animals However, some mutant strains of Neurospora that require 
for growth an exogenous source of lysine can use a-aminoadipic acid in 


HOHC'’ 

''CHa 

HiC 

CHCOOH 

HzN 

NH2 

5-Hyd«xyIysine 


HOHC^ 

I I 

^CHCOOH 

H 

S-Hydrotypipendine- 
2-caH>oxyIic icid 


place of Ijsinc,'^' and some lysinc-requinng strains of the mold Oph- 
ostoma grow on eitlier a-keto- or a-annnoadipic acid as well as on I>sine 
In mold*?, therefore, the biosj ntliesis of lysine may involve the amination 
of a-ketoadipic acid to a-aminoadipic acid, the reduction of the latter 
to a-aminoadipic-c-semialdehydc, followed by an amination reaction, 
would yield Ijsine An analogous sriios of reactions is believed to occur 
m the conversion of a-kctoglutanc acid to ornithine both m molds and in 
higher animals (cf p 814) 

Data on lysine formation from labeled precursors in j easts and m 
Neurospora suggest that the carboxyl carbon and the o*carbon of l>sine 
arc derived more or less directlj from the cnrboxjd and methjl carbon’, 
respectively, of acetic acid, the remainder of carbon skeleton of Ijfine 
IS probably derived from «-kctoglutaric acid'^^ 

In manj bacteria (c g , Escherichia coli) i -Ijsinc arises bj the enzjniic 
decarboxylation of a, £-dmmmopimeiic acid (cf p 767), rather than from 


CH2-CH2— CH, 

,2 2 j 2 

CH—Nir- CH— NH2 
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COOH COOH 




CH,— CH«— CHz 
1 I 

CH— NH2 CHg— NH2 

eXPOH 


Pianunopiit)«liC setd 


[•-Lyiui« 


o-aminoadipic acid In B colt, mcso-diaminopimelic acid is fornieii 
Iroin pjruMc acid and aspartic acid, it is assumed that a 7-carbon 
intcnncdiate leads to n-dianimopimclic acid,’" which is conrcrtcd bj a 
specific racemaso to the meso compound Clearly, bacteria differ from 
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acid It IS of interest that the metabolic transformation of Ijsine to 
glutanc aud nas postulated bj Ringer m 1913, on the basis of the 
obsen ation that neither lysine nor glutanc acid is glucogenic 
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Id Degradation of I>sidc m animal tissues 


As shown in Fig 13, the loss of the o-ammo group of l>smc fields an 
a-keto acid that is known to exist in solution as the cjclic compound 
Ai-piperidine-2“carboxjlic acid {Ai-dehjdropipecohc acid) The reduc- 
tion of this cjclic compound to pipccolic acid is cataljzcd b> a pjridme 
nucIeotidc-dependent dehydrogenase present in rat and rabbit Iner^^s 
The further conversion of pipecolic acid to o-ammoadipic acid in animal 
tissues IS assumed to involve the intermediates shown m Fig 13 It may 
be added th it the breakdow n of ly sine m Neurospora also giv es dehy dro- 
pipocolic acid and pipecolic acid,*®* the latter is a product of lysine 
metabolism in higher plants*^® (cf p 71) 

A few animal proteins contain the amino acid 5-hydroxy- L-ly sine 
(p 64) , in the rat, L-ly sine serves as the sole source of hy droxy lysine 
Green plants contain 5-hy droxy pipendinc-2-carboxylic acid, which may 
arise from hy droxy lysine in a manner similar to the formation of pipecolic 
acid from ly&ine (Cf reaction on p 810 and Fig 13 ) 

138 A Meistcr and S D Buckley, Biochtm el Btopkys Acta, 23, 202 (1957) 
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glycine The transfer of the amidme group of arginine to the nitrogen 
of glycine (cf p 803), catalyzed by kidney transamidinase, is readily 
reversible, and arginine can be formed from guanidinoacetic acid and 
ornithine In addition to this transamidmation reaction, the enzyme 
catalyzes the reversible reaction of arginine or of guanidinoacetic acid 
with canaline to form canavanine (p 66) , as shown It is of interest 

Arginine + glycine ^ Ornithine + guanidinoacetic acid 
Arginine + canaline ?:± Ornithine + canavanine 
Guanidinoacetic acid + canaline ^ Glycine + canavanine 

that, during the germination of jack bean seeds, the initial high concen- 
tration of canavanine falls oflf markedly, and large amounts of homo 
serine {p 790) appear in the plant tissue Presumably, homosenne arises 
by the cleavage of the 0 — N bond of canavanine, such a cleavage is 
effected by various bacteria that degrade canavanine to homosenne and 
guanidine 

The metabolic reactivity of the amidine group of arginine is sho^vn by 
the finding that, if N^^-glycine is fed to rats, the arginine of the tissue 
proteins becomes labeled in the amidme-N to a greater extent than in 
the a- or 8-amino groups of the ornithine derived from the arginine*®* 
This experiment also sliowed that the extent of labeling of the «- and 
g-amino-N is almost the same, indicating that the reversible deamination 
of arginine or omitlnne at the « position does not occur to a significant 
degree in vivo 

The metabolic fate of ornithine has been investigated intensively both 
\Mth intact animals fed labeled compounds and vith animal tissue 
preparations These studies have shown that the carbon skeleton and 
the nitrogen atoms of ornithine arc used for the synthesis of prolme, 
and that the formation of prolme and of arginmc (i e , ornithine) from 
glutamic acid also occurs in vivo It has been concluded therefore 
that the following metabolic relations apply to higher animals 

Arginine ;::± Ornithine ^ Prolme 

11 1L 

Glutamic acid 
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and B Bloom, tbid , 220, 723 (1956) 

152J B Walker J Biol Chem, 218, 549, 221, 771 (1956), 224, 57 (1957 ' 
S Rntner and 0 Rochovansky, Arch Biochem and Biophys, 63 , 277, 296 ( • 

Vy H Homer etal,/ Biol Chem, 220,861 (1956) 

"loSH Kiharaetal.y Biol Chem, 217, 497 (1955) 

, ^ Shcmin and D Rittenberg. J Btol Chem , 158, 71 (1945) 

and R Schoenheimer, / Biol Chem, 153, 113 (1914) 
et al , J Am Chem Soc, 73, 4500 (1951) 


SPECIAL ASPECTS OF AMINO ACID METABOLISM 81 1 

moHs md j casts m the routes which the> synthesize lysine, and it is 
noteworthy that diammopimehc acid appears to be absent in yeasts and 
molds 

It IS of interest that diaminopimclic acid has been found in the vege- 
tative cells of scieral sporc-formmg bacilli (eg, Bacillus cerem), and 
that during sporulation this compound is conierted to pyndinc-2,G- 
dicarbox\lic acid This con\crsion appears to resemble the formation 
of pipecolic acid from lysine 


HOOC 

r^dine-2 6-dicarboxyIic acid 



Metabolism of Arginine 

Arginine occupies a unique position among the indispensable ammo 
\cids since it is only required m the diet of the y oung animal for rapid 
grow th With y oung rats, the exclusion from the diet of any indispensable 
ammo acid other than arginine results in Ids'? of weight and e\entual 
death, when arginine is omitted, howuer, there is a decrease in the rate 
of growth, but the animal siirviios*^* Clearly, arginine can be synthe- 
sized in VIVO, but the rate at which such synthesis can be accomplished 
IS not compatible with the requirements of a rapidly growing animal 

Chemically , the distinguishing feature of the arginine molecule is the 
amidme group attached to the 8 -amino nitrogen, and this group is ex- 
tremely important in the o\cr-all nitrogen metabolism of animals For 
example, the production of urea depends upon the cloaaage of arginine, 
by the enzyme argmase, to yield urea and ornithine (p 849) Tlic 
incorporation of carbon dioxide (the final product of the oxidation of 
carbon compounds) and of ammonia (the end product of the degradation 
of most nitrogen compounds) into urea inaohcs the intermediate forma- 
tion of the amino acids citrulline and arginine The enzymic mechanisms 
in the biosynthesis of urea will be discussed in Chapter 33 At this 
point it will suffice to note that the synthesis of argminc from ornithine, 
CO>, and NH 3 has been demonstrated m higher animals and in many 
microorganisms, ilthough it may not occur in some insects (e g , 
Drosophila) 

Isotope experiments ha\c shown that arginine also provides the 
amidmo group required for the formation of guanidmoacetit. acid from 
J J Perrj and J W Poster, J Bact , 69, 337 (1955) , Y2, 295 (1956) 
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150 T Hinton, ^rc)t Biochem and Biophj/s 62,78 (1956) 
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cUhum notatum, Tondopsis uttlis, Neurospora crassa, and Esrhenchia 
coll In all these microbial species, prohne appears to be formed from 
glutamic acid Ma glutamic acid semialdehyde and pjrrohne carboxjlic 
acid, an enzyme that catalyzes the reduction of the pjrroline compound 



Pyrnlioe cttbaiq'lic 
acid 


Ho 14 Metabolic relations among the 5-carbon amiDO acids 


to prohne fcf Fig 14} m the presence of TPNH or of OPKH has been 
identified in A^euro^pora extracts In microorganisms, as in mammals, 
prohne also can be formed from ornithine bj the pathway shown in 
Fig 14, but this route is probably of minor significance m the formation 
of prohne from carbon supplied as carbohj drate 
Microorganisms use glutamic acid as a precur'?or of ornithine and o 
argmme, the pathwaj followed in T utilis and m Neurospora ife hLe that 
m animals (cf Fig 14) Howe\er, m E coli and several other bacteria, 
glutamic acid is first atetjiated, and the resulting N-acet> Iglutamic acid 
appears to be reduced to the corresponding y-semialdeh> de , this com- 
pound is converted to N‘»-acelylornithine bj a transamination reaction 
As shown in the scheme on page SIS, the final step m the synthesis o 
ornithine is the hjdrolytic removal of the acetjl group Despite tie 
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It should be noted that the con\crsion of ornithine to glutamic acid is 
analogous to the con^erslon of Ijsine to a-aminoadipic acid discussed 
on p 809 The scheme sho\\n was foreshadov^cd bj the work of Dakin, 
who found tint ornithine, prohne, and glutamic icid jield approximatelj 
equal amounts of glucose when they are admlnl^tered to a phlonzinized 
dog 

The demonstration of the abihtj of animal tissues (kidncj slices) to 
comert proline to glutamic acid antedated the isotope experiments in 
intact animals More recentlj, it has been reported that Iner and 
kidnej slices can con\ert ornithine, as well as proline, to glutamic acid 
From results obtained in tnzjme experiments on the con^crslon of 
proline to glutamic acid, it appears probable that this transformation 
inaohes the dehjdrogenation of proline to jield a pyrroline carboxjlic 
acid, the latter compound maj exist m equilibrium with glutamic acid 
fccmialdehj de, and the oxidation of the scmialdehj de w ould y leld glutamic 
acid Glutamic acid scmialdehjde has been isolated as the product of 
the oxidation of L-prohne b> preparations of “proline oxidase" from the 
h\ er and kidncj of sc^ eral animals Morco\ cr, Iia er contains a DPNH- 
dependent enzjmc sjstem that catalyzes the conaersion of pjrroline 
carboxylic acid to proline The available information about the meta- 
bolic relations of the 5-carbon ammo acids is summarized in Fig 14 
According to this scheme, the initial step m the metabolic degradation 
of ornithine is the cleav age of the bond linking the S-amino nitrogen to 
the carbon skeleton This ammo group is believed to be transferred 
to the “pool" of labile nitrogen compounds, of whicli glutamic acid is the 
most important member The subsequent reactions give rise to proline 
and glutamic acid containing carbon and nitrogen directly derived from 
glutamic acid semialdehyde The results obtained on the feeding of 
Ni®-glycme cited on p 812 have been explained by the assumption that 
the glycine nitrogen is transferred to glutamic acid, the direct conversion 
of 1 molecule of glutamic acid to the semialdehy de and thence to ornithine 
by an amination reaction in which a second molecule of glutamic acid 
serves as the source of the S-amino group would produce ornithine having 
the same amount of N*® in both amino groups 
A close metabolic relation among the ammo acids arginine, glutamic 
acid, and proline has also been found in microorganisms such as Peni- 

157 H D Dakin, J Biol Chem , 13,513, 14,321 (1913) 

i-sH Weil-Malherbe and H A Knhs, Biochem 7, 29, 2077 (1935) M Neber, 
Z physiol Chem, 240, 70 (1936) 

159 J X Taggart and R B Krakaur J Biot Chem, 177, 611 (1919) 
leoR Lang and G Schmid Btochem Z, 322, 1 (1951) 

E Smith and D M Greenberg J Biol Chem, 22 6, 317 (1957) 

162 M R Stetten. 7 Biol Chem, 189.499 (1951) 
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that the over-all oxidation reaction by ^hich kidney slices con\ert 
proline to glutamic acid does not involve the intermediate formation of 
hydroxyprolme 

Experiments in ^\hlch hydroxyprolme containing ^as fed to rats 
have shown that, in contrast to other ammo acids, dietary hydroxy- 
prolme IS not incorporated to an appreciable extent into the body 
proteins Since more isotopic hydroxyprolme can be isolated from 
the proteins of rats fed "N'^-prolme than from rats fed N^^-hydroxy- 
prolinc, it would appear that most of the hjdroxyprolmc in bodj proteins 
IS derived from proline These results are in accord with the earlier 
observation that the rabbit excretes a large proportion of dietary hydroxy- 
L-proline unchanged The data from the isotope experiments with 
hydroxyprolme also provide evidence tliat, tn vivo, exogenous hydroxy- 
proline is not conv erted directly to proline The finding that glutamic acid 
isolated from rats fed N^^-labelcd hydroxyprolme contains N*® indicates 
that the imino nitrogen can enter the metabolic ammonia “pool ” It has 
been known for many years that hydroxyprolme, like proline, is gluco- 
genic in the phlorizmizcd dog Hence the carbon skeleton of both iraino 
acids can be used in the biosynthesis of glucose The oxidation by kidney 
slices of proline to glutamic acid and to a-ketoglutanc acid suggests the 
metabolic pathwaj by which the carbon atoms of proline may give ri&e 
to carbohydrate From the results of experiments using kidnej and liver 
preparations, it has been inferred tliat the reactions invoh ed in the oxida- 
tion of hydroxj proline and of proline are analogous Evidence for the 
formation of y-hydroxyglutamic acid scmialdehydc from hydroxyprolme 
has been reported, and this transformation probablj represents the initial 
step m the catabolism of h>droxyprolinc in liigher animals Furthermore, 
the administration of hydroxyprolme-2-C'^ to rats leads to the appear- 
ance of labeled alanine in the liver proteins It has been suggested 
that alanine ma> arise bj cleavage of y-hjdroxyglutamic acid in a 
manner analogous to the cleavage of threonine to glycine (cf p 792) 

Metabolism of Glutamic Acid 

Both glutamic acid and glutamine, the y-amide of glutamic acid, play 
central roles m nitrogen metabolism It will be recalled that glutamic 
acid, by virtue of its metabolic conversion to o-ketoglutanc acid, serves 
as an important link betw een the intermediate metabolism of proteins and 
of carbohydrates Tlic deamination, transamination, and decarboxyla- 
tion reactions involving glutamic acid or glutamine have already been 

M R SteltcD, J Biol Chem , 181, 31 (1919) 

•eoS Pedersen and H B Lewis / Btol Chem, 154, 705 (1914) 

VVolfetal.y Biol C/iem, 223, 95 (1956) 



815 


SPECIAL ASPECTS OF AMINO ACID METABOLISM 

different route of ornithine formation in bacteria, as compared to that 
in higher animals, > easts, and molds, the role of glutamic acid as the 
precursor of ornithine explains how this C 5 diammo acid can be formed 
from carbon supplied as carbohydrate or fat 
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microorganisms contain enzymes that degrade argmme to 
ornithine (cf p 853), some can also dccarboxy late ornithine to yield 
putrescine (p 767) In the latter respect, strains of Hemophihis para- 
influenzae appear to be deficient, since they require trace amounts of 
putrescine for growth This diamine may be replaced by agmatme 
(p 767), 1,3-propane diamine, or the polyamincs spermine and spermi- 
dine (p 66) It IS of interest that the microbial synthesis of 
spermidine appears to be effected by a reaction between putrescine and 
S-adenosylmethionine (p 804), m this process, the carboxyl group of 
methionine is lost as COo, and the resulting — CH 2 CH 2 CH 2 NH 2 group 
IS transferred to one of the nitrogen atoms of putrescine 


Metabolism of Prolene and Hydroxyproline 

Both proline and hydroxyproline are among the dispensable dietary 
ammo acids for animals The current news about the biosynthesis of 
prohne haie already been discussed m the section dealing with the 
metabolism of arginine Hydroxyproline has been shown, by the isotope 
technique, to be formed from proline in the intact rat,*®® and by collagen- 
forming cells such as osteoblasts grown in tissue culture Although the 
mechanism of this con\ersion has not been elucidated as yet, it is known 

1C«E J Herbst et al, / Biot Chem, 214, 175 (1955) 

Tabor et al / Am Chem Boc, 79, 2978 (1957), R C Greene, tbid 79, 
3929 (1957) 
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acid to NHs, CO 2 , acetic acid, and butyric acid involves the intermediate 
formation of 2-raethj Humane acid (mesaconic acid) From studies 
with C^^-labeled substrates it appears that the fermentation is accom- 
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panied bj the transformations shown m the accorapanjmg scheme The 
mechanism of the interesting rearrangement involved in the conversion 
of glutamic acid to mesaconic acid remains to be elucidated 


Metabolism of Aspartic Acid 

Like glutamic acid, aspartic acid serves to link protein metabohsm to 
carbohjdratc metabolism through its reversible conversion to oxaloacetic 
acid, a member of the citnc acid c>clc As noted earlier, aspartic acid 
IS an intermediate m the microbial biosyntlicsis of homoserme (cf p 
790), and hence of isoleucino, threonine, and methionine In some 
microorganisms, aspartic acid is also directly involved in the formation 
of lysine (cf p 810) 

When N^®-labeled L-aspartic acid is fed to rats, the ammo acid is 
deammated at an extremely rapid rate, and the ammo nitrogen appears 
to be metabolized like nitrogen fed m tlic form of ammonium 10 ns rather 
than like nitrogen supplied m the a-amino groups of glycme, leucine, or 
lysine”® Tlius aspartic acid isolated from the proteins of the test 
animals contains less t},an does the protein glutamic acid, and the 
urinary ammonia has less isotope tlian docs the urinary urea A similar 
distribution of in urinary ammonia and urea is observed after the 
feeding of N^^-lnbelcd ammonium citrate The rapid conversion of 
aspartic acid nitrogen to urea is a consequence of the role of aspartic 
acid as a nitrogen donor m urea i^nthcsis (cf p 851) 

The extreme]} rapid transfer of nitrogen from aspartic acid to glutamic 
acid IS believed to occur almost exclusive!} by a transamination reaction 
In the oxidation of L-aspartic acid by washed particles of rat liver, the 
ammonia liberated is derived from the combined action of the L-glutamic- 
aspartic transaminase and tljc L-glutainic acid dehydrogenase, the oxida- 
tion of the carbon atoms of aspartic acid to carbon dioxide involves the 

V 75 J T Wachsman and H A Barker, J Biol Chem, 217, OW {1955), J T 
X\achsman tbid 223, Id ( 1956 ) 

”0H XVu and D Rutenberg, / Biol Chem, 179, S47 (l£M9) 
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discussed in Chapter 31, and the metabolic relationship of this ammo 
acid to arginine and prolinc was described earlier in this chapter Glu- 
tamic acid IS aNo related metabolicallj to histidine (cf p 822), and 
glutamine pi i\ s m import int lole in the metabolism of purines (Chapter 
35) 

As noted preMouslj, glutamic acid and glutamine are readilj intcr- 
con^ertlble in a aancty of biological systems These two substances 
represent a high proportion of the nonprotein nitrogen m animal tissues, 
for example, one third of the ammo acid nitrogen of human blood plasma 
IS in the form of these two ammo acids Glutamine functions botli as a 
storage form of ammonia (ammonium ions), which is toxic to animal 
tissues, and also as an intermediate m the remoxal of ammonia from the 
animal organism”^ (cf p 848) 

The metabolism of glutamic acid and glutamine appears to be of 
special significance in ncr\c tissue *’- The enzjme s> stems known to be 
inx oh cd in tlie deamination, dccarboxj l.ation, transamination, and amida- 
tion reactions of glutamic acid arc all cspcciallj actixe m brain It has 
also been found that slices of brain cortex arc more efhcient than other 
tissues m their abilitj to absorb glutamic acid from the medium m which 
the> are suspended Thus glutamic acid is concentrated within brain 
cells against a concentration gradient if glucose also is present in tlie 
suspension fluid , during this process, the glucose is oxidized and appar- 
entlj serves as the source of cncrg> required for the uptake of glutamic 
acid In the presence of glucose, brain cortex slices absorb potassium 
ions together with glutamic acid, npparcntl>, the potassium ions arc the 
cationic equivalent for the glutamic acid anions in the assimilation 
process This ability of glutamic acid to aid in the transport of potassium 
ions across cell membranes is lughlj specific, other ammo acids do not 
replace glutamic acid, and even glutamine is inactive 

Higher plants contain several derivatives of glutamic acid, such as 
7 -methylglutamic acid and y-methj Icneglutamic acid (cf p 63), whose 
mode of formation is unknown at present /-Aminobutync acid, another 
plant constituent, probablj arises by decarboxylation of glutamic acid 
It should be idded that, m cultures of carrot tissue, y-ammobutyric 
acid IS rcadilj converted to glutamic acid, but the enzjmic pathwaj of 
this conv ersion lias not been established 
The degradation of glutamic acid m most biological s> stems proceeds by 
the oxidation of «-kctoglutanc acid m the citric acid cycle However, in 
the anaerobe Clostridium tetanomorphum, the fermentation of glutamic 

A Meister, Physiol Revs, 36, 103 (1956) 

1^2 H VV eil-Ma!herbe Physiol ^eus, 30, 549 (1950) 

a Krebs et al , Biochem J , 44, 159, 410 (1949), 47, 139 (1950) 

F C Steward et al Nature, 178, 734 (1958) 
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Mutant strains of i^eurospora and of E coh that require histidine for 
grov.th have been sho^vn to necnTOulate one or more of the mterTnediates 
gncn m Fig 15 Subsequent nork led to the identification and partial 
purification of the enzymes that catalyze the component reactions 
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These in^ohe the dehydration of jraidazoIylgI> cerol phosphate, the 
transamination reaction betneen glutamic acid and imidazDljlacctol 
phosphate, and the depUosphorylation of histidinol phosphate, for rvhich 
enzjmcb hft\c been obtained from A^curospom^®* The enzjme ejstcm 
that oxidizes histidinol (bist/dmol debjdrogenasD) has been obtained 
from jeast, E coh, and other bacteria,*®^ it cataljzcs the folloning 
reactions 

(!) i-Histicimol + 2DPN+-* L-Histidmc + 2DPlsrH + 2H+ 

(2) n-Hisfcidinal -f DPN + -r i.-Histidinc •+ DPNH 4- H+ 

(3) t-Histidmal + DPNH 4- H+-* n-Histidmol -f X>FN+ 

Although histidinal has not been isolated as an intermediate in reaction 
1, the aldehyde is assumed to be forraed from histidinol by a reversal 
of reaction 3, and iminediatclj oxidized to bislidine by reaction 2 

isaB N Aniesetal,/ Bw! CAcm , 212^ CS? (1055) . 220, JlS (1956), 226, 583, 
228, 67 (1937) 

Adams, 7 Biol , 209, 620 (J954), 217, 325 (1955) 
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entrance of oxaloacetic acid, formed from the amino acid, into the citric 
acid cycle 

Asparagine (the ;3-amido of aspartic acid), as T\ell as glutamine, is an 
important intermediate in the nitrogen metabolism of plants (cf p 742) 
Extracts of lupine scodmgs and of wheat germ effect the s>nthcsis of 
asparagine from aspartic acid and ammonia, this process requires the 
presence of ATP, and resembles the synthesis of glutamine (cf p 721) 

An ATP-dependent sjnthesis of asparagine has not been found m animal 
tissues Hottcxcr, the formation of asparagine from a-ketosuccinamic 
acid IS catalyzed hy Iner transaminases (cf p 762), the biological 
significance of this reaction is uncertain, since o>ketosuccinamic acid is 
not known to arise from sources other than asparagine itself 

Metabolism of Histidine”® 

Except for the adult human, all animals whose dietarj requirement 
for histidine has been examined must be supplied with an external source 
of this ammo acid Although it has been proxed unequi\ocall> that the 
exclusion of histidine from the diet of the liuman has no demonstrable 
effect upon the maintenance of nitrogen balance, it is not clear whether 
histidmc xs actually s>nthcsiied in human tissues or whether the ammo 
acid is mode bj the intestinal microorganisms and utilized bj the host 
It appears howexer that human lixcr can incorporate carbon supplied as 
HC^^OOH into position 2 of the imidazole ring (sec Fig 15 for num- 
bering of the histidine skeleton), a process characteristic of histidine 
synthesis in microorganisms, on the other hand, rat liver seems to be 
unable to effect this incorporation 

Since D-histidmc and ^-imidazoljlpjruxic acid can replace L-histidine 
in the diet of the rat, it xx ould appear that the requirement of this animal 
for histidine is a reflection of an inability to synthesize the koto and 
Sex oral microorganisms (Lactobaolh, Escherichia coh) also can use 
,8-imidazoljlpjruxic acid as a source of histidine Although animals 
and bacteria clearly are able to conxert /3-imidazolylpyruvic acid to 
histidine by a transamination reaction, the axailablc information indi- 
cates that the keto acid is not an intermediate in the microbial synthesis 
of histidine from carbohydrate carbon and ammonia nitrogen In all 
the microorganisms studied (eg, Neurospora, E coh, yeast), the path- 
way of histidine synthesis is that shown in Fig 15 

177 G C Webster and J E Vamer, J Bwl Chem , 215, 91 (1955) 

178 H Tabor, Pharmacol iJeta, 6, 299 (1954) 

170 C Roseetal,/ Biol Cftem, 188, 49 (1951) 

180 R RI Conrad and C P Berg J Biol Chem , 117, 351 (1937) 

781 H P Broquist and E E Snell J Btol Chem, 180, 59 (1949), J Westley and 
J Ceithaml Arch Biochem and Biophys, 60 215 (1956) 
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IS not clear, but is believed to involve the intermediate formation of 
imidazolonc propionic acid, as shown in Fig 16 
The further breakdown of fomnminoglutamic acid is different in 
various biological forms Aerobacter aerogenes contains an cnzjme 
sjstem that converts it to L-glutamic acid and formamide, in intact cells, 
formamide is oxidized to CO 2 and NH 3 In Pseudomonas jluorescens, 
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Fig 16 Degradation of histidine in maramahan Iner and in microorganisms 
Tetrahydropterojl-L-ghitamic acid 13 abbreviated THPGA 


formiminoglut'imic acid is hjdrolyzed to ainnionia and N-fonii}l-L- 
glutamic acid, i\liich is further degraded by another enzyme to 
jieJd glutamic acid and formic acid 
The con\er! 5 ion of fonmminoglutamic acid to glutamic acid, formic 
acid, and ammonia also occurs in mammalian Iner, but formjlglu- 
tamic acid is not an intermediate Instead, the entire forraimino group 
appears to be transferred to tetrahydroPGA (p 775),^®® to form N®- 
formiminotetrnhjdroPGA and n-glutamic acid Ring closure of the folic 
acid derivative to form lO-raethenjltetrahydroPGA (anhjdroleu- 
covonn) results m the liberation of ammonia, and anhydroleucovonn is 
then com erted to ivhich formic acid 

is 1 era e tbis connection, it is significant that formiminoglutamic 
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Little Js known about the metabolic patiiwa>s m the biosjnthesis of 
imidnzoljlgljcerol phosphate Studies with C^^-labeleci carbon sources 
suggest that tlie 5-carbon chain of histidine, consisting of the carbons in 
the carboxjl group and in the a, fi, 5, and 4 positions (cf Tig 15), is 
derued from a pentose *** It is jirobable tliat, in the microbial sjnthesis 
of imidazol>lgl>ccrol pliospliatc, nitrogen 1 and carbon 2 of the purine 
ring of adenosme-S'-phosphatc arc transferred ns a unit to carbon 1 of 
ribosc-5-phospliatc (which picsuinablj enters the reaction in the form 
of 5-phoi!phoribos5l-l-pjrophosphatc, p 885), to provide nitrogen 3 and 
carbon 2 of the imidazole ring Nitrogen 1 of the imidazole ring is 
derived from tlic nmulc nitrogen of glutamine The loss of nitrogen 1 
and carbon 2 from tlic purme ring of adenosinc-5'-phosphatc gives rise 
to 5-aminoimidazole-4-c vrboxainidc ribotidc, a metabolic precursor of 
inosinic acid (Chapter 35) That carbon 2 of the imidazole ring maj be 
derived from carbon 2 of the purine portion of a nucleotide is concordant 
with the observation that carbon 2 of the imidazole ring also can bo 
derived from formate (p 819), provided an adequate supplj of folic acid 
IS present, as w ill be seen in Chapter 35, formate is a metabolic precursor 
of carbon 2 of the purine ring, and is inlroduted m a process that involves 
the participation of a folic acid cofactor 
Metobohe Breakdown of Histidine Experiments in which rats were 
given histidine labeled with m the imidazole ring showed that the 
labeled nitrogen was utilized in the same manner as ammonia or as 
the o-amino nitrogen of dictar> amino acids The degradation of 
histidine b\ cnzjme preparations from mammalian livers or from various 
microorganisms (Pseudomonas fluorescens, Aerobacter aerogenes, Clos- 
tridium tetanoinorphum) leads to the production, per mole of histidine 
of 1 mole of glutamic acid, 1 mole of a Cj compound, and 2 moles of 
ammonia As shown in Fig 16, all the biological systems studied degrade 
histidine to a-formimino-L-glutamic acid’®’’ (also termed formamidino- 
glutanc acid or formamidoglutamic acid) This product anses from 
histidine by the action of hislidmc-a-deaminase (p 755) to produce 
urocamc acid,^®’ which is converted to forrnimmoglutamic acid by the 
action of the cnz>me urocanasc The mechanism of the latter reaction 
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fact, that histatnmc is converted to imidazolylacetic acid dematives that 
are methylated at one of the imidazole nitrogens is of interest since the 
corresponding N-metlnl dernatnes of histidine also have been found 
m the urine of some raaminals It appears that. the raethjdation reac- 
tions can occur cither before or after histidme has been decarboxylated 
to jieid histamine In higher animals (including man), histamine is 
also excreted in the unne as «-N-acetjlhistamme 

Among the other denv ativ'cs of Instidinc found m animal tissues are 
the dipeptides carnosine and anserine (p 137), whose mode of biosyn- 
thesis IS not known Methionine appears to serve as a source of the 
N-mcthjl group of anserine,’®^ but it is uncertain whether the methjla- 
tion of the imidazole ring occurs before the formation of the peptide bond 
between the ^-alanine and histidine residues As noted above, the 
methjlhistidme derived from anserine has been isolated from animal 
unne, and maj arise bj the hydroljsis of the dipeptide rather than bj 
direct methylation of histidmc 

Another naturallj occurring histidine deriv'^ative is ergotbioneme (a 
betmne of 2-thiolIu«tidme. p 67), found in ergot (the fungus Claviceps 
purpurea), molds (A^eurospora, AspergiHut), higher plants (oats, com), 
and m mammalmn blood The crgothioneine m animal tissues appears 

to be of dietar} origin The available mformotion about its bio- 

sjatbesis in imcroorgaiusms suggests that ergothioneino arises from 
histidine 


Metabolism of Phenylalanine and Tyrosme"*^^ 


Mommalion Metabolism of Phenylalanine ond Tyrosine The close 
metabolic relationship of phcn>lalaninc and tjrosine, to be expected 
from the sunihntj in their chemical structure, is borne out bj a large 
number of studies on the«e two ammo acids In 1913 Embden showed, 
bj means of perfusion cxpcnincnts with dog liver, that this tissue can 
convert phenjlalanme to tjrosine After the introduction of the isotope 
technique, evidence was presented for the conversion of phenjlalanine 
to tjrosme bj mammals®''^ and b> invertebrates This finding was in 
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acid IS excreted in relati\elj large amounts in the urine of rats deficient 
in folic acid 

Reference has alrcadj been made to several of the dcrivatues of 
histidine present in liMng organisms One of the most important of tliesc 
IS histamine, formed bj the action of histidine dccarbox) lase This 
amine is both a \asodeprcssor and a stimulator of gastric secretion in 
higher animals Mammalian tissues contain an enzjme sjstem, termed 
histaminase (or diamine oxidase, since it attacks putrcscine, cada\erine, 
and agmatine), nhich oxidizes histamine Pjridoxal phosphate appears 
to be a cofactor for the diamine oxidase of sviine kidnej Diamine 
oxidase actmtj Ins also been found in bacteria, liighcr plants, reptiles, 
and birds Although it has not been determined ulietber enzymes of 
different specificity are in\ohcd, their action on amines is described by 
the equation 

RCH2NH2 + 02 + KoO RCHO + NH3 + H0O2 

Thus histamine is con\crtcd to /9-imidazolylacetaldehyde, knoun to bo 
oxidized by aldolude oxidase or by xanthine oxidase (p 339) to imid- 
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azolylacetic acid, this product could also arise by oxidatne decarboxyla- 
tion of /?-iraidazolylpyru\ic acid, formed by deamination of histidine 
Imidazolylacetic acid and its riboside represent end products of hist imint 
metabolism tn vivo, and ha\e been found in the urine of higher animals 
A major route of histamine catabolism leads to the excretion of S-methy 1- 
histamme and its oxidation product 3-methyhmidazolylacetic acid, 
1-methyhmidazoIjlacetic acid is also formed in small amounts The 

J E Seegmiller et al , / Am Chem boc, 76, 6205 (1954) 

193 A N Da\ison, Biochem J , 64, 546 (1956) 

191 E A Zeller, in J B Sumner and K M>rback, The Enzymes, Chapter 59 
Academic Press New York, 1951 

195 S A Karjala et al, / Biol CAcm, 219, 9 (1956), G ^ olf et al . tbtd 222 
159 (1956) 

196R \\ Scha>er and S A Karjala J Btol Chem 221, 307 (1956) 
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about the metabolism of phenylalanine and tyrosine is the condition 
knovvn as alcaptonuna, characterized by the excretion of horaogentisic 
acid {2,5-dihydrox>phenjlacct«, acid) The urine of alcaptonurics 
rapidl> darkens on exposure to air as a result of the oxidation of homo- 
gentisic acid to form dark pigments Since homogentisic acid is readily 


OH OH r 0 



NH 2 CHCOOH COCOOH L 

t-Tywsuie p-lfydimyphwij^- Hypothetics! 

pyruvic acid intcrmedtiW 



Homagenluic acid Z5-Dihj'd«*>pf)enyJpynjv»e»cjd 


rig \7 Pos«ib!e mode of formation of homogentL«ic acid 


metabolized bj normal animals, it has been assumed to be a normal 
intermediate m the metabolism of tyrosine, presumably the alcaptonunc 
is unable to degrade homogentisic acid and therefore excretes it A 
possible mcchaniNin for the formation of homogentisic acid, proposed by 
Ncubauer m 1909, is shown in Fig 17 
The reactions siiown in Fig 17 arc effected b> enzyme systems present 
in mammalian Iner The deamination of tyrosine is the result 0 ! a 
transamination reaction inxohing a-kctoglutanc acid,-^® and the p- 
hydroxyphenyipj'ruMt acid is then oxidized to homogentisic acid ana 
CO^ Tlie mechanism of the oxidative process has not been elucidated, 
but it appcirs that molecular oxygen is an essential participant, and 
that free 2,5-dihjdroxyphenyJpyru\ic acid probably is not an obligatory 
intermediate^*’ This substance is readily oxidized by crude liver extracts, 
but not by more highly purified preparations of '^p-hydroxypbenylpyru'*c 
oxidase ” 


210 B Schepart*,; Bwl CAc/n , 193 . 293 (1951) . Z N CanellaUo and P P Cohen, 
t6i</. 222, 53 , C3 (1956) 

N La Du and V G Zannoni, J Btal Chem, 217, 777 (J955), 219, 273 
(19uC) , A aime, 177, 574 (1950) , S E Hager et ai, J Biol Chem , 225, 935 (J957) 
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accord with the earlier demonstration that phcnjlalanine is an indis- 
pensable ammo acid, but tjro'sine is not™’ (cf p 726) !Morco\cr, botli 
in the rat and in man, the requirement for phenvlalaninc is markedly 
reduced b\ the inclusion of Ijrosine m the diet*”' 

The formation of t>ro&ino from phcn>Ialanino is cataljzcd b> a Iner 
enzjnie preparation ("phenj lalanmc h>dro\>Iatc”) for whose action 
molecular oNjgen, a pjridme nucleotide (probably TPNH), and ferrous 

L-Phenjlnlanme + TPNH + 11+ + 02“> L-Tyrosine + TPN+ + H 2 O 

10 ns are required™® It is of interest that the hjdroxylation of many 
aromatic compounds, including phenylalanine, can be effected in non- 
enzymic systems in the presence of 0» and ascorbic acid, with re2+ 10 ns 
as the catalyst 

Important data on the fate of phenylalanine and tyrosine in mammals 
were accumulated in the study of se\eral “inborn errors in metabolism” 
(p 398) In one of these diseases. Known as pheny Iketomiria (also called 
phcn\ Ipy ru% ic oligoplircnia) plicny lahnine, pheny Ipy ruv ic acid, plicny 1- 
lactic acid, and phony hectic acid aie excreted in the urine after the 
feeding of diets high in phony lalanine or in protein The largest incidence 
of this metabolic abnoriiiahty is found among inmates of mental hospitals 
The pheny Iketonunc subject cannot convert plicny lalanine to tyrosine 
at the normal rate and therefore forms phenylpyruxic acid m excess of 
the normal amount Tins Keto atid is partially excreted unchanged and 
partially metabolized to pbenydlactic and pheny lacetic acids, botli of 
which also are excicted Individuals who arc not pheny Iketonunc, but 
who carry the genetic factor for the disease (parents of pheny Iketonunc 
patients), also appear to have a lowered capacity for the oxidation of 
phenylalanine™^ Normal individuals, who readily metabolize phenyl- 
pyruvic and phenylhctic acids (probably by conversion to phenylalanine 
and subsequent oxidation via tyrosine) excrete pheny lacetic acid (as 
phcnvlacetylglutamine) when this compound is fed Thus it would 
appear that pheny lacetic acid is not a normal intermediate in the metab- 
olism of phenylalanine Human urine normally contains a small amount 
of pheny lacetylglutamine, but in phenylketonuria the daily excretion of 
this substance is about 5 to 10 times that of a normal subject 
Another metabolic abnormality which has given much information 

M Womack and VV C Ro»e, J Btol Ckem , 107, 449 (1934) 

205 \v C Rose and R L XVi’tom,/ Btol Chem , 217, 95 (1955) 

™<5S Udenfriend and J R Cooper J Btol Ckem, 194, 503 (1952) S Kaufman 
ibid 226, 511 (1957) ' 

Udenfriend et al , J Biol Chem, 721 741 (195^1) 

208 D y Hsia et al Nature, 178, 1239 (1036), C Mitoma et al Proc Soc 

Ezpll Biol Med, 94, 634 (1957) ’ 

209 w H Stem et al J Am Chem 5oc, 76, 2848 (1954) 
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“blocked” in alcaptonunc indiMduals the action of a glutatliione- 
dependent isomcrasc, raalcj lacetoacctic acid is transformed to furaarjl- 
acetoacctic acid,-^^ i\hich is then hydrolyzed bj “fumarylacetoacctie 
hydrolase” as shown m Fig 18 

The vitamin ascorbic acid (Chapter 39) appears to be concerned, m 
some as yet undetermined manner, with the metabolism of tyrosine m 
animals Thus scorbutic guinea pigs (animals suffering from scurvy as 
a result of the removal of ascorbic acid from the diet) excrete homO' 
gentisic acid, p-hydroxyphenylpyruvic acid, and p-hydroxyphenyllactic 
acid®^^ Human subjects deficient m this vitamin also exhibit abnorraai 
tyrosine metaboh'im The administration of ascorbic acid to both 
species restores the normal utilization of tyrosine Ascorbic acid aho 
exerts a stimulatory effect on the oxidation of p-hydroxyphenylpyruvic 
acid and of horaogentisic acid by' some tissue preparations However, 
these effects appear to be nonspecific, and are thought to be related to 
the strong reducing capacity of the vitamin and to the “protection” of 
the oxidase® from inactivation by molecular oxygen 
In the mammal, tyrosine also serves as the precursor of the hormones 
adrenalin (epinephrine) and noradrcnalin (norepinephrine), elaborated 
by the adrenal medulla (Chapter 38) Experiments in which phenyl- 
alanine labeled with tritium in the benzene ring and with in the 
«-carbon was administered to rats have shown that this ammo acid can 
bo converted to adrenalin The available evidence indicates that the 
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CHjVHCH; 
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CH2NH2 
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conversion involves the metabolic pathway showninFig 19-*® 3,4-Diliy“ 
droxy -L-pheny hhnine (“dopa”) and 3,4-dihy drovy pheny lethy lamine 
(by droxy ty ramine ) have been found in human urine and extracts of the 
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In the scheme outlined in Fig 17, it is assumed that the side chain 
of p-hjdro\jphen>lpjru\ic acid is shifted as a result of the oxidation of 
the phenol ring, follo^^ed bj an intramolecular rearrangement and 
decarboxjlation Although the mechanism by \\hich these reactions 
are effected is not dcfinitelj established, impressive evidence for the 
intramolecular rearrangement leading to the ultimate formation of homo- 
gentisic acid has come from isotope experiments In these studies, =‘2 the 
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Fig T8 Oxidative breikcloivTi of plicnjlalamne and tjrosmo The numbering of 
the carbon atoms of the benzene ring is intended soleb to shoiv their metabolic 
fate, the numbers do not denote the position of substituents 


oxidation of phenjlalanine, of tyrosine, and of homogentisic acid to 
acetoacetic acid and fumaric acid was examined in phlonzmized rats 
and with liver slices prepared from norma! animals The results may be 
summarized by the scheme shown in Fig 18, where the fate of each of 
the carbon atoms of phenjlalanine is indicated An enzjme preparation 
that converts homogentisic acid to acctoacetic acid and fumaric acid has 
been obtained from liver tissue, and has been fractionated to jield three 
separate enzjme sjstems One of these is an Fe^+.activatod enzjme 
(homogentisic oxidase) which, m the presence of Oo, cleaves homogentisic 
acid to maleylacctoacetic acid This is probablj the reaction that is 

212 s Wemhouse and R H Millington J Biol Chem 175, 995 (1948), 181, 645 

(1949), B Schepartz and S Gunn, tbid , 180, 6G3 (1949), A B Lemer, tbid 181 
281 (1949), R G Ravdm and D I Crandall *6id, 189, 137 (1951) ' ’ * 
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adrenal gland “Dopa” maj be c\pcctcd to arise from tyrosine b> the 
action of tjrosinase (p 307), and is converted to Indrowtyraminc by 
“dopa” decarbo\j lasc, uhich is present in a varict> of mammalian tissues 
including the adrenal medulla In the con\er!>ion of h\dro\jt>raminc to 
adrenalin by the adrenal gland, noradrenalin is a jirobablc intermediate 



"Dopa“ llydroxytyramiDe 

Fig 19 Prob-iblc pathway of adrenalin formation 


Little IS known about the process whcrcb> the oxidation of the jS-carbon 
atom of the ethjlamine chain is effected, the meth>lation of noradrenalin 
to form adrenalin appears to maolvc an cnzjmic reaction in which 
S-adenosylmcthiomnc (p 804) serves as the mcth>l donor 
The salivary glands of cephalopoda (eg, the octopus) contain 
p“h>drox>phcn>Icthanolamine, and it is assumed that this compound 
arises from tjrosinc with the intermediate formation of tjraminc In 
this connection it is of interest that the saliva of Octopus macropus 
cont nns as much as 700 mg of free tjrosine per 100 grams of dr> weight 
Adrenalin is methjlatcd in the mamnulian organism to form the 3- 
methoxj derivative (“metanephrme”), which is oxidized in a reac- 
tion that probably inv olv es “monoamine oxidase” , this enzj me specifically 
catalyzes the oxidation of many amines according to the equation 

R'CHoNR. + O 3 + H 2 O -> R'CHO + NHR^ -f H.Oo 
The hormone is readily oxidized by feme compounds to adrenochrome, 



Adieoochrome 


Blaschko et al , Bwchetn J, 31, 2187 (1937), OEM Pugh and J H 
Quastel, tbid , 31, 2306 (1937) 
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hormone in vivo may be similar to this nonenzymic process, and that the 
lodmated th\ronine clcri\ nines arise from mono- and diiodotyrosine in 
the th>roid gland These lodmaled compounds are remo\cd from the 
circulation h> the Incr, \^here they maj be comerted to glucuronides, 
and excreted in the bile The lodinatcd thyronines also undergo deiodina- 
tion reactions m the Incr,-'** the resulting iodide ion is excreted in the 
urine Further aspects of the metabolism of the thyroid hormone's, and 
their role in the animal organism, rvill be considered in Chapter 38 
Microbial Metabolism of Phenylalonme and Tyrosine Some micro- 
organisms (eg, strains of Vibno and of Pseudomonas) coniert pbenjl- 
alanme to tjrosine, and degrade tjrosine via the homogentisic acid 
path\\a>'-’ (p 82G) In a uide variety of microbial species, the meta- 
bolic. tran‘>formation of the tno aromatic ammo acids maj inAoUe an 
initial attack at the a-carbon atom Among the products formed from 
phenjlalanine are phcnjlpjruvic acid and phenylacetic acid, the corre- 
sponding p-hjdroxj compounds haic been identified as metabolic prod- 
ucts of tjrosine The jeast Saccharomyces cerein&iae ferments t>rosine 
tilth the formation of tyrosol (p-hydrox>phcn>lethanol) Other products 
of the microbial metabolism of phenjlalaninc and t>rosine are benzoic 
acid and p-hjdroxybcnzoic acid, respectnely, possiblj formed b> an 
initial oxidation at the 0-catbon atom In adclition, tjrosme may be 
degraded to p-crc=ol and to phenol 
Considerable information has been gathered about the oxidatiie 
breakdotsn of phenol, p-crcsot, bcnzoic acid, and p-h>droxj benzoic acid 
by a cholera T ibno and b> several varieties of Pseudomonas (cf Fig 21) 
Much of the ev idence for the scheme m Fig 21 has come from the 
application of the technique termed “sequential induction” (or “simul- 
taneous adaptation”) In this procedure, an organism maj be adapted 
to grow on bcnzoic acid, then a stud> is made of the capacit> of the 
organism to metabolize other substances that have been suggested as 
possible intermediates in the oxidative catabolism of benzoic acid Thus 
cells adapted to benzoic acid not only oxidize benzoic acid to ^-keto- 
adipic acid but also form the Keto acid from cattchol and from cis,ciS’ 
muconic acid, however, cells adapted to p-h>droxybenzoic acid form the 
^-keto acid onlv from p-h> dro)^ bcnzoic and protocatccbuic acids, and 
do not form it from catechol or muconic acid 
Although httle is known about the microbial enzjmes that form 
catechol and protocatccbuic acid, the enzjroe s> stems that effect the 
further oxidation of these Compounds have been extracted from suitablv 

228 E V Flock and J L Bollman, / Biol Ckem, 214, 709 (1955) 
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Princeton Unuersity Press, Princeton, 1954 





834 GENERAL BIOCHEMISTRY 

olism of /3-ketoadipjc acid is analogous to that of other ^-keto acids 
{cf p 600) 

It IS to be expected that mitroorgamsms ^hich comert phenj lalanmc 
or tjrosine to denvatnes of benzoic acid or of phenol may also use the 
oxidatne patln\ay shonn in Fig 21 Other aromatic compounds are 
knot\n to be oxidized via /S~ketoadipic acid For example, the catabolism 
of tr-yptophan by PseudomomB yields o-ammobcnzoic acid (anthranihc 
acid, p 840) uhieh is oxidized to catechol, p-ammobenzoic acid is con- 
certed to p-hjdroxj benzoic acid=^® In Neurospora crassa, dehydroshi- 
knnic acid (cf p 542) is oxidized to protocatcchuic acid, which is further 
converted according to the scheme given m Fig 21 
Some microorganisms, such as Neurospora, can convert phenylalanine 
to t>ro^inc=^- In addition, several mutant strains of Escherichia coh 
and of A’' crabsa are capable of carrying out a reversible mtcrconvcrsion 
of phenj lahinine and tjrosmc, since cither ammo acid will permit the 
growth of these mutants on an otherwise ammo acid-frce medium On 
the other hand, one strain of E colt, winch requires an exogenous source 
of plicnjlalanino but not of tjrosmc, does not use the benzene ring of 
exogenous piienjlalanmc m the biosjnthesis of protein tjrosmc®®^ This 
finding vVnd other work witli E coh, Neurospora, and Aerobacter aero- 
genes support tiio view that most of the tyrosine sjnthesized tn vivo 
IS not derived from phonjdalaninc, but that the two ammo acida arise 
from a common precursor by separate pathwajs One such precursor 
has been identified as sliikimic acid (p 542), which can serve as the 
external source of phenjlalamnc and tjrosmc for certain strains of 
B coh and of \eiirospora,”^* shikimic acid also is a precursor of trjp- 
tophan and of p-aininobenzoic acid jn these organisms (p 842) The 
utihzition of shikimic acid for the microbial biosjnthesis of phenji- 
alanine and tjrosme probablj involves the sequence of reactions shown 
in Fig 22 

Although it has been established that the compound termed “prephenic 
acid” IS an intermediate in this process, its mode of formation from 
shikimic acid and a Cg compound is not clear Prcphcnic acid is rela- 
tnclj unstable, and at pH values below 6 it undergoes spontaneous 
decomposition to phenylpjruvic aud It is probable that in vivo the 

230 N N Durham J Bact , 72, 333 (J958) 
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adapted strains of Pseudomonas^^ As shown in Fig 21, catechol is 
oxidized to cfS,cis-muconic acid bj the addition of oxjgcn atoms supplied 
by Oo, the reaction is catalyzed b> “catechol oxidase” (or “pyrocatc- 
cliase”), an Fc-+-activated cnzjmc It will be recalled that the clea\agc 
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Fig 21 Oxiditnc bicakdown of aronnlic compounds m microorganisms 


of homogentisic acid m animal tis'^ucs is also catdl>zcd by an Fe"'*'- 
activated oxidase (cf p 827) The reversible conxersion of muconic 
acid to the butenolidc (a y-lactonc) is catalyzed by a “lactomzmg 
enzjme,” which has been separated from the “delactonizing enzyme” 
that effects the hydrol>sis of the lactone to jS-ketoadipic acid The 
formation of /3-ketoadipic acid from protocatcchuic acid m\ol\es initial 
oxidation to ^-carboxymuconic acid by “protocatechuic oxidase,” but 
the further steps do not appear to include CTS,(ns-muconic acid or the 
butenolide as an intermediate As will be seen from Fig 21, the catab- 

229 R y Stanier, Bact Revs, 14, 179 (1950), B A Kilbj, Biochem J , 49, 671 
(1951), R y Stamer et al , J Bwl CAem, 2 10, 799 809 821 (1954) M Katagiri 
and 0 Hayaishi, ibid, 226, 439 (1957), S Dagley and M D Patel. Biochem J 66, 
227 (1957), W C Evans, Ann Reps, 53, 279 (1957) 
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labeled Thus the rat can use mtrc^en of the metabolic pool to form 
trjptophan if the mdolylpropiomc acid skeleton is provided from an 
exogenous source Manj microorganisms also can form trjptophan from 
mdolylpyruvic acid, as will be seen from the subsequent discussion, 
however, the keto acid does appear to be an obligatory intermediate in 
the microbial biosynthesis of the ammo acid 
Both nitrogen atoms of trjptophan can be used in the rat for the 
synthesis of other ammo acids The «-ammo group may be removed bj 
deamination of tryptophan or (more probably) via the formation of 
alanine (ef p 840) derived from the side chain of trj'ptophan The 
mechanism of the conversion of the indole nitrogen to ammonia is 
uncertain 

The studj of the mammalian metabolism of trjptophan maj be said 
to have begun in 1853 when Liebig isolated from dog urine a compound 
he called kvnurenic acid (now known to be 4-hjdroxyquinohne-2-car- 
boxjhc acid) About 50 years later, after the discovery of trjptophan 
b> Hopkins and Cole, Ellmger observed that kjnurcnic acid is excreted 
bj animals (e g , dog, rat, rabbit) after the administration of trjptophan, 
this directed attention to the metabolic mcclmnism for the conversion 
of the imino acid to the quinohnc derivative Subsequent studies 
showed the presence, m the urine of rats and rabbits maintained on high 
protein diets, of a jellow compound, xanthurenic acid (4,8-dihydro\j- 
quinolme-2-carboxjhc acid) The formation of xanthurenic acid from 
trjptophan was shown in experiments with rats deficient m pjndoxme 
(vitamin Bo) , such animals excrete xanthurenic acid after the adminis- 
tration of trjptophan-^” Altiiough xanthurenic acid may be considered 
an oxidation product of kjnurenic acid, it is not formed in vivo from the 
monohjdroxj compound However, both acids share a common pre- 
cursor, kynurenine, a substance first isolated from rabbit urine The 
correct structure of kjnureninc was established in 1943 by Butenandt, 
who had become interested in the compound because of its function as a 
precursor of eje pigments in insects (p 839) 

In addition to xanthurenic acid, human urine contains the 8-methjl 
ether of this substance another urinary metabolite derived from 
kynurenic acid (m human subjects and rats) is quino!ine- 2 -carboxy)ic 
acid (qumaldic acid) 

In the mammalian organism, the position of kynurenine as an inter- 
mediate in the conversion of tryptophan to kjnurenic and xanthurenic 
acids 13 indicated m the scheme presented m Fig 23 The mold N euro- 
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conversion of prcplicnic acid to phcnylpjruvic acid or to p-h>droxy- 
phenj Ipyruvic acid is cataljzcd b> enzjmcs The a-keto acids can 
readily be converted to the corresponding aromatic amino acids by 
transamination reactions 



Fig 32 Postulated patliwa>i> in the microbial biosjnthcsis of aromatic ammo acids 

It may be added that, in higher plants, shikimic acid is a precursor 
of the plienol residues of hgnms’’'^ (p 422) It is believed that lignin 
formation involves tlie conversion of sliikimic acid to a substance related 
to phenjhhnine (v\hich is also an efficient precursor of lignin), follovied 
bj oxjgcnation of the benzene ring at the 3, 4, and 5 positions, where 
metliylation of the phenolic hydroxyl groups occurs, the CH^ group is 
supplied by methionine Such substituted aromatic precursors are 
thought to undergo polymerization reactions to form lignins 

Metabolism of Tryptophan 

In the diet of the rat, L-tr> ptoplian maj be replaced by the D-isomer 
or bv the corresponding keto acid, indoIjI-3-pjruvic acid Direct evi- 
dence for the conversion of the D-amino acid to the L-isomer xn vivo has 
been provided bj the isolation of tryptophan labeled with m the 
indole nitrogen from the proteins of rats given D-trvptophan similarly 

23CS A Brown and A C Neish, Nature, 175, 688 (1955), Canad J Biochem 
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the Fc“+ state The actnity of the Irj'ptophan peroxida&e-oxidase 
system in liver preparations is markedly and rapidly increased b> the 
administration of trjptophan to nmmals, and appears to be determined 
by the level of tryptophan in the blood®*'* In this respect, the oxidation 
system resembles the “adaptive cnisymes" produced by microorganisms 
in response to the presence of a suitable “inducer” in the culture medium 
(cf p 746) The enzyme "k>nurenme formamidase” (also termed 
“formjlase”), which hydrolyzes formjlkynurcnine m the second reaction, 
IS not an inducible enzj me, and preparations from the lu ers of all animals 
examined contain approximately the same hijdi formamidase activitj 
Partiallj purified preparations of kjnurcninc formamidase from A^'earo- 
spora hjdrolyze a variety of aromatic formylammes (c g , o-formamido- 
benzoic acid), but do not cleave aliphatic compounds such as form>l- 
gl> cmc or formylglutamic acid Both a formamidase and a pcroxidase- 
oxidasc are present in strains of Pseudomonas adapted to tryptophan 
The conversion of kynurcnine to 3-hydroxyk^ nurenme involves the 
participation of molecular oxygen, and is catalyzed by an enzyme sjstem 
in liver, TPNH is a requisite cofactor®** Kynurenic acid and xanthu- 
remo acid are formed by transamination reactions in which the a»ammo 
groups of kjnurcnine and of 3-h>droxykynurcnme arc transferred to 
a-ketoglutaric acid, botli reactions arc catalyzed by a pjTidoxal phos* 
phate-dependent cnzjme found in mammalian hver and kidney, m 
Neurospora, and in Pseademonas^*^ The a-keto acids formed from 
kynurenine and 3-h>droxj kynurcnine arc unstable compounds, and thej 
oychzo apontaneously to form the quinohne carboxyhc acids It is of 


CO2 

3-Hydrexy- h ^ 
kynwremne 


OH 



3-Hydw*vky»wTTO»mme < S-Pihjrdro^yqamolia* 


interest that mouse hver homogenates convert 3-h>droxyk>nureinne not 
onl> to xanthurenic acid but also to 4,8-dihydroxyquinoIine,®^° probabi} 
by the reaction sequence shown 


D Lee J Bwl Ckcm, 21% 211 (1956) 

2«W B Jakobj J Biol C/jcm , 207. 657 (1954) 

Ha>aL-{uandR 1 Stanier.J Baci, 62, 691 (1951) 
t deCaslroetal J Am Chem Boc,78, 2901 (1956) 

M Mason J Biol Chem , 211, 839 (19M) , 227, 61 (1957) , W B Jakobj and 
D M Bonner, ibid , 221, CS9 { 1955) 

Makino and K Arai, Science, 121, 143 (1955) 
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kj- nurenme, k> nuremc acid, and xanthurenic acid, but the relatn. c amount 
of the four compounds m the urme \aries \\3th the species studied^” 
In general, the excretion of all these compounds is increased bj vitamm 
Bfj deficicncj a phenomenon that reflects the role of pyndoxal phos- 
phate, both in animals and in raicroorganisras, m the con\ersion of 




OH 

a-Hydraxykr&tsnnute 


HjO • 


OH 


j^CHaCHCOOH 

COOH 


NH2 


Fig 24 Po‘»tulflt<’d mechaoism for the ^rathesis of nicotmic acid The dots circles, 
and stars denote the raetabolic fate of 3 atoms of the tryptophan molecule 


kjnureninc to compounds other than kynurcnic acid and xanthurenic 
acid Kulntional studies with rats sho^^ed a metabolic relationship 
bettveen trjptophan and nicotinic acid in mammals, and experiments 
Tvith mutant strains of Neurospora led to the recognition that k>nurenine 
is an intermediate m the comersion of trjptophan to nicotinic acid^"'® 
Subsequent uork \sith Neutospora^^ and xMth rats showed that 3- 
hjdroxykjnurenine and 3-bj droxj anthranihc acid are further inter* 
mediates (Fig 24) The initial reaction m the pathway leading to 
nicolmic acid is the hjdroljsis of 3-hj<lroxyk>nureninc to 3-h>droxy- 

K Bro-wu and J M Price, ^ Biot Ckem, 219, 985 (1956) 

E Dalgliesh Bio<?hcm 61, 328 (1955) 

=55 U' A Krchl ct a!^ Science 101, 489 (1015) F Rosen et al, / Btol Chm, 
165 , 313 ( 1916 ) 

«eG Beadle et al Proc Natl Acad Set, 33, 155 (1917) 

*-»F A Haskins and H K MitcheU, Froc Natl Acad S«, 35, 600 (1949) 
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In insects, 3-li>droxykjnurenine and kynurenino are precursors of e>e 
pigments The structure of one of these pigments, the yellow xanthom- 
matm from blowflies (Calliphora enjthrocephala) and other insects, has 
been elucidated by Butenandt ct air"** wlio ha\c also demonstrated its 



formation in vivo from C^'^-Iabeled trjptophan or kjnurcninc Exam- 
ination of the structure of xanthominatin will show that it maj be 
considered to be the product of the condensation of 2 molecules of 3- 
hjdroxj Kjnurcninc, with the lo'^s of 8 hjdrogen atoms and 1 molecule 
of ammonia It is of interest therefore that xanthommatm and a red 
“dopa-melanin” (cf p 830) are fonned bj the action of Calliphora 
tjrosinasc on a mixture of 3-hjdrox\Kjnurenmc and 3,4-dihydroxj - 
phenylalanine ("dopa") Apparcntlj, dopa is oxidized bj the tjrosinase 
to phcnjlalanine-3,4-quinonc ("dopa quinonc”), which then oxidizes 
3-hjdroxykynurcnine to xantliommatin From biochemical and genetic 
studies it IS known that the production of S-hxdroxjkjnuremne from 
kjnurenme m the fruit fly (Drosophila) is controlled by the so-called 
cn+ gene, and the production of kjnurenme from trjptophan by the 
gene Mutants of Drosophila that lack one of these genes do not hax e 
the black eje pigment characteristic of “wild tjpe” insects, however, the 
pigment is produced if kjnurenme or 3-hjdroxykjnurenine is supplied 
to the appropriate mutant from an external source These \arious find- 
ings on eje pigment formation in insects are summarized m the 
accompanjing diagram 

L-Tryptophan S-Hydroxy-L-kynurenine 

Xanthonunatm Black eye pigment 

Manj higher animals excrete 3-hjdroxj kjnurenme, in addition to 

s-iA Butenandt et al Ann CAem , 590, 7S (1954) , Z physiol Chem 301 109 
115 (1955), 305, 284 (1056) 

252 n KiUawa, Advances tn Genettes. 5, 107 (19o3), A Kuhn, Nalurmssen^ 
schaften 43, 25 (1956) 
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the con-vcrsion of 3-hydrovyanthraniIJC acid to nicotinic acid-®^ Other 
aspects of the metabolism of nicotmic acid will be discussed m Chapter 39 

It should be noted that a large proportion of the carbon of trjptophan 
(or 3-hydroxyanthraniIic acid) ingested by rats is rapidly oxidized to 
COo*”' Since neither nicotinic aoid nor quinolinic acid is rapidlj 
degraded in vivo, it is likely that 3-Iiydrovjanthranjlic acid is metab- 
olized by some still unidentified pathway which ma> also in\ohe the 
entrance of the indole nitrogen of tryptophan into the “metabolic pool" 
of nitrogen 

Unlike 3-h\droxyanthranihc acid, anthranilic acid is metabolicallj 
inert in the mammalian organism On the other hand, several microbial 


Shikimic acid — ► —i 


Anthranilic ccid 


Indole — ^ 'Ryptophan 


Kynurenme —►Nicotinic acid 


species convert anthranilic acid to catechol and to )S-ketoadipic acid 
(cf p 833) In a number of raicroorgamsms {Neurospora, Salmonella, 
E coh, B subtihs), anthranilic acid is formed from shikimic acid (cf 
p 542) and sen cs as a precursor of tryptophan It is believed that in 
Neurospora, at least, there is a “tryptoplian cycle,” shown in the 
accompanying scheme 

As indicated in tlie scheme, the synthesis of tryptophan from onthra- 
nihc acid in Neurospora involves indole as an intermediate This fact 
was first reported by Tatum and Bonner,-*^® who obsened that certain 
mutant strains, which had been classified as “try^ptophanless,” could be 
difierentiated into three groups (1) those that showed an absolute 
requirement for tryptophan, (2) those that would grow on either 
tryptophan or indole, and (3) those that responded to tryptophan, indole, 
or awthranihc acid Turthermore, the mutants in group 2 produced 
anthranilic acid, although it was not used as a precursor of tryptophan 
The enzymic conversion of anthranilic acid to indole has been studied 
with extracts of E and found to inx'ohe the intermediate for- 

mation of indoly I-3-gIycerol phosphate by an enzyme-catalyzed reaction 
between anthranilic acid and 5 -phosphonbosyl-l-pyrophosphate A 
feecond cnzy'mic reaction causes the clcav'age of the intermediate to indole 
and a triosc phosphate It will be noted from the scheme on page 843 
that the carboxyl group of anthranilic acid is removed, and isotope 

281 D M Bonner and C Yanofsky. J KutnUon, 44, 603 (1950, h V Hankes 
and L M Henderson, / Biol CAewr , 225, 349 (1957) 

-*’■'0 E Dalgliesh and H Tabcchian, Biitchem J , 62, 625 (1956) 

38«E L Talum and D M Bonner, Proc Nail Acad Set, 30, 30 (1W4) 

20’ C \anol8ky,/ Biol Chem^Zll 345 (1955), 223 171 ( 1956 ) , 224, 783 (19^7) 
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anthranilic acid and L-alanme, catalyzed bj a pyridoxal phospliate- 
dependent enzyme (“kynureninase”) present in mammalian liver, 
Neurospora, and Pseudomonas-”^ This cnzjmc appears to be absent 
from Escherichia coli and Bacillus subtihs, neither of these bacteria 
forms nicotinic acid from trjptophan, and the pathvaj bj vhich they 
synthesize nicotinic acid is not knoT^n-'® All the enzjmc preparations 
that act on 3-hydro\jkjnuronine also catalj zc the hydrolysis of kynuren- 
ine to anthranilic acid and alamne (cf Fig 24) For a discussion of 
the possible role of pjndoxal phosphate in the reactions catalyzed by 
kynureninase, see Longenccker and Snell 

The scheme presented in Fig 24 indicates that nicotinic acid may be 
formed from an intermediate (presumed to be "acroleylammofumaric 
acid”) vtliich also gi\es rise to quinolinic acid Direct proof for the fact 
that the ring of 3-hydro\yanthranilic acid is opened between carbons 3 
and 4 has come from isotope experiments m which suitably labeled 
tryptophan or 3-hydroxyanthranilic acid uas gi\en to rats or to Neu- 
rospora, and the resulting isotopic nicotinic acid and quinolinic acid nere 
isolated The results of these expenmenU arc indicated m Fig 24 
by means of symbols to denote the metabolic fate of 3 atoms of the 
tryptophan molecule The acyclic intermediate is produced from 3- 
hydroxy anthranilic acid by rat liver extracts in the presence of O3, and 
the oxidase system appears to be activated by Fe2+ 10ns In this 
respect, the oxidative cleavage of 3-hydroxy anthranilic acid resembles 
that of homogentisic acid (cf p 827), of catechol, and of protocatechuic 
acid (cf p 833) The formation of quinolinic acid from the intermediate 
IS a spontaneous and rapid reaction Although liver extracts contain an 
enzyme that catalyzes the slow decarboxylation of the intermediate to 
form picolmic acid (pyridine-2-carboxylic acid),^®^ the enzyme respon- 
sible for the formation of nicotinic acid (pyndine-3-carboxyIic acid) has 
not been identified Clearly, the production of nicotinic acid also involves 
a decarboxylation, and experiments with rats and with Neurospora 
indicate that quinolinic acid may be formed from 3-hydro\yanthranilic 
acid at the expense of nicotinic acid, rather than as an intermediate in 

258 0 Wiss, Helv Chtm Acta 32, 1694 (1949), Z Naturforsch , 7b, 133 (1952), 

I L Miller and E A Adelberg J Biol Chem, 205, 691 (1953), W B Jakoby 
and D M Bonner ibid 205, 699 709 (1953) 

250 C Yanofsky, J Bad 68, 577 (1954) 

260 j B Longenccker and E E Snell, 7 Bwl (7Aem , 2 1 3, 229 (1955) 

201 L M Henderson and L V Hankes, / Biol Chem, 222, 1069 (1956) C W H 
Partridge et al , ibid 194, 269 (1952) 

262 A H Bokman and B S Schweigert, Arch Biochem and Biophys , 33, 270 
(1951), A H Mehler, J Biot Chem, 218, 241 (1956), 0 Wiss, Z Naturforsch 
9b, 740 (1954), Ufa, 54 (1956) 

263 A H Mehler and E L May, / Biol Chem, 223, 449 (1956) 
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they cannot use indole m place of tryptophan and rapidly excrete almost 
all of the mdole entering the body There is no conclusne evidence that 
indole IS formed nithin the tissues of the mammaUan organism; although 



H H H 


fodoxybulfunc adc) lodifp 

urine ma> contain large quantities of the “detoxication” products of 
indole, indoxjlsulfuric acid (mdican) and jndox>Jglucuronic acid, and 
of sXatoJe Presumablj , these decretory products have their origin m the 
indole and saatole formed b> the intestinal bacteria, the absoiption 
of mdole is foiloned by its oxidation to indoxyl and conjugation ^ith 
glucuronic acid, or nith sulfuric acid It may be added that the term 
mdican it> also applied to the glucoside of indoxyl nhich occurs in plants 
of the Indigofera group This glucosidc is split during the extraction of 
the plants bx uater or dilute acid, and the indox>] liberated is spon- 
taneousb oxidized to indigo, one of the oldest of the natural dyes 
The bacterial coniersion of trvptophan to mdole has been kno^m 
since the nork of Hopkins and CoJc m 1903 More recentlj it has been 
found^^* that extracts of B coh contain the enzyme trjptophanase, 
nhich catalyzes the reaction shown, pjndoxal phosphate also senes ns 

L-Tryptophan Indole + pjruvic acid + NHj 

the coenzyme for this process This cleaxage of tryptophan occurs under 
anaerobic conditions and apparently does not involve the intermediate 
formation of serine (or alatunc), since the enzyme preparations do not 
deammate senne (or alanine) to yield pyruxic acid and ammonia 
Aminoacrjhc acid appears to be the immediate precursor of the pyruvic 
acid and ammonia isolated (of p 75&) 

Tne vasoconstrictor substance S-hydroxytryptamine-^'*^" (also termed 
serotonin or entcramme) is present vn the blood and gastric mucosa of 

MiW A Wood el al, J Bwl Chem, 170, 313 (1947), H Gooder and F ^ 
Hsppold, Biochem J, S7, 369 <IB54) 

H Page. Phyaol Beva, 34, 563 (1054) 



SPECIAL ASPECTS OF AMINO ACID METABOLISM 


843 


experiments ha\c '^liown tlmt carbons I and 2 of the ribosc molecule 
supply carbons 2 and 3, rcspccti\cl>, of the indole ring The participation 
of a ribosc-5-pliosphatc dcrixatixc m the biosynthesis of indolylglycerol 
phosphate is analogous to its role in tl»e {onnation of jmrdazolyjglyccrol 
phosphate (p 821) 




_ Tnosc 
phosphate 


Anllirtnille seid 


8*rho»phonbo*yl* !ndolyl»3-glycwl 

l*pyTDpho4ph«t« photphal* 


Tryptojihan is foimcd m Neuroywra by a condensation reaction 
between indole and L-serme This reaction is catalyzed by nn 
enzyme sxstem (“tryptophan dcsinolasc” or “tryptophan synthetase”) 
that requires pyndoxal pliosphntc as a cofactor Isotope experiments 
have shown that, during tiyptophnn synthesis, the hydroxyl group and 
the a-h\drogon atom of serine arc lost*”® Tins finding supports the 
hypothesis that serine first reacts with pyndoxal pliosphato to form a 



SchiiT base from which the elements of water are expelled, and that the 
resulting aminoncrylic acid dciivative then combines with indole to form 
the SchilT base of tryptophan-’® (see the accompanying scheme) 
Mammals apparently cannot form tryptophan by this process, since 

208 yv W Umbrcit, J Bial Chem 165, 731 (1910) 

2/J9JJ L Tntum and D Shcmin, / Biot Chem, 209, 071 (1051) 

E Metzicr ct nl , J Am Chem Soc, 76, 018 (1951) 
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(cf p 841), this organism does not metabolize tryptophan by the "kjnu- 
renme pathnajs” characteristic of Keiirospora and of higher animals 
In intact animals, and 'oith kidney or Iner preparations, 5-hjdro\)- 
trjptamine is oxidized to o-hjdroxjindolyl-S-acetic acid, presumablj 
uith the intermediate formation of the corresponding aldehyde bj mono- 
amine oxidase (cf p 829) 6-Hjdro\jindo]vlacetic acid has been 
detected in the urine of manj animals after the administration of 
trjptophan or of S-hjdroxxtrjptopbnn, and is bche^ed to be a major 
end product of the metabolism of 5-hjdrovjtrj'ptamine The \arious 
N-meth}] dernatnes of 5-hydro\j tr} ptaraine shown in Fig 25 are found 
in animal tissues, especmll} in amphibia, dehjdrobufotenine has been 
shown to arise from trjptophan m loads Bufotenine also occurs in 
fungi (mushrooms) and in the seeds of the tropical shrubs of the genus 
Piptadema In these seeds, bufotenine is accompanied by its N-oxide, 
as well as bj the closelj related N,N-dimeth\ltryptamine and 
dimethjltryptamme-N-oxidc,-'® ill these plant constituents probably 
arise from trjptophan 

In higher plants, the metabolism of trjptophan leads to the formation 
of indoljI-S-icetic acid (indoleacctic acid), which is the, plant growth 
hormone know n as auxin-®® (Chapter 38) Large amounts of indoleacetic 
acid are formed when cnzjiuc preparations from the leaxes of certain 
plants (eg, pineapple) arc incubated under aerobic conditions with 
trjptophan or with indoi}I-3-pjru\ic acid-®* Since the koto acid is 
present m some plants, and is known to be formed from trjptophan bj 
bacteria,^” -®- the bio^jnthesis of indoleacetic acid may follow the 
reaction sequence 

Trjptophan — ' Indoljl-3-pj ru\ic acid Indolyl-3-acetic acid 
Small amounts of indoleacetic acid are found m normal human urine, 
but much larger quantities of indoleacetic acid and of N-(3-indoiyl- 
acetj I) -L-glutamine are excreted bj indn iduals w ith the syndrome termed 
“H disease Although the indoleacetic acid undoubtedly is formed 
from trjptophan, it is uncertain whether the conversion is effected by 
^hc intestinal microorganisms or bj the tissues of the patient 

S Fish ot al, J 47n Chem Soc, 77, 5S92 (1955), 78, 366S (1959) 

280 S G tVildmanotal 4rc/i Biochcm, 13, 131 (1917) 

-8* S A Gordon and F Sanchez Nie\a, Arch Biochem , 20, 356, 367 (1919) 

2 S 2 B B Stone and K V Thimann, Kalure, 172, 7&1 (1953) 

283 j B Jepaon. Biochem. J, 64, 14p (1956) 
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the direct correlalioD between the availability of water and the capacitj 
of most aquatic organisms to excrete ammonia, which is quite toxic but 
extremeh soluble, howexer, amphibious and terrestrial organisms largeh 
excrete urea, which is less toxic but also soluble, or uric acid, a sparingly 
soluble compound found as the mam end product of nitrogen metabolism 
m animals that do not excrete a highly diluted unne 

Formation of Urea 

In ureotehc organisms, the prmcipal site of urea formation is the lixer 
The primary source of the nitrogen of unnary urea is ammonia denred 
from ammo acids by deamination or by’- transamination reactions VThen 
there is significant h\er damage (c g , acute j ellow atrophy of the hxer), 
or if the lixer is reraoxed surgically, the ammo acids are not deaminated 
at the nonual rate, and their concentration in the peripheral circulation 
ns(« whik the level of blood urea falls Upon administration of K'®- 
labciea ammonium salts to an expenmental animal, the isotope is largely 
excreted in the form of urea, although a portion of the ammonium-X 
may be utilized for the svnthesis of ammo acids- Isotope studies haxe 
also shown that, in the intact animal, all of the carbon of unnary urea 
IS denxed from respiratory COj * 

As noted prexnoualx ip 817), most of the ammoma (ca 60 per cent) 
found in the unne of 'nanaraals arises from the hydrolysis of blood gluta- 
mine in the kidney s The remainder of the unnary ammonia is formed 
by the oxidatne dearamation of blood ammo acids m the kidney A 
relationship ha- been reported between the capacity of ammo acids to 
induce the excretion of ammonia and their deamination in tifro by the 
ammo acid oxidv^e- of kidney tissue-* The quantity of ammonia 
excreted is detemuntd m large part by the concentration of acids m the 
blood Ammonia excretion increases after the administration of acids 
to an ammal, during exercise (lactic acid production), or in a ketonemia 
due to starx vtion or diabetes (acetoacctic acid) Under these conditions, 
described by the general term "acidosis,” some of the ammonia normally 
conxerted to urea is used to neutralize the excess acid, this serxes to 
conserve the essential ions sodium, potassium, calcium, and magnesium 
(Chapter 36) In acidosis, therefore, the urea excretion is somewhat 
lower than under normal circumstances lATien an animal is given 
bicarbonate, the reverse condition, that of "alkalosis,” is observed 
Under these circumstances, the ammonia excretion is diminished, and 
the urea excretion is correspondinglv increased In general, the sum 

J J BtoL Chem^ 182, 5 (1950) 

tigneaud J Bwl Chem^ 172, 353 (lOiS) 

♦ W D Lotspeich and R F P,us, J Btol Chem^ 168, 611 (IWT) 
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End Products 
of 

Amino Acid Metabolism 


In the stead)’ state of nitrogen metabolism in the animal organism, 
there is a. continuous loss of nitrogen from the “metabolic pool” (p 732) 
because of the formation of compounds that are excreted from the 
organism or that arc metabolicalh inert Such compounds may be 
termed “end products ’ of nitrogen metabolism 
From the prcMous discussion, it i\ill be clear that tlie metabolism of 
all ammo acids leads to the production of ammonia In some organisms, 
ammonia actuall) is tlic principal excretorj product of nitrogen metab- 
olism, these animals are termed “ammonotelic ” In in\ ertebrates, 
ammonia may represent more than one half of the total excretorj 
nitrogen, the remainder is composed of (o) urea (0 to 20 per cent) , (b) 
uric acid (0 to 10 per cent, except in insects, where it is 60 to 80 per cent) , 
(c) amino acids, creatinine, etc (3 to 30 per cent) Among the x erte- 
brates, onl) the Teleostei (bony fishes) excrete nitrogen largely m the 
form of ammonia, the Elnsmobranchi (cartilaginous fishes), like the 
amphibious and terrestrial species, excrete onl> small amounts of 
ammonia A stimulating discussion of the possible basis for this dif- 
ference between the ela«mobranch fishes and other aquatic animals may 
be found in Baldwin’s monograph ‘ For most of the terrestrial x erte- 
brates, the principal nitrogenous excretion product is urea, the notable 
exceptions to this generalization are the reptiles and birds, for which 
uric acid, instead of urea, serxes as the principal ■vehicle for the excretion 
of nitrogen The animals that excrete nitrogen largely in the form of 
urea are termed “ureotehc” (terrestrial x ertebrates except birds and 
reptiles, the elasmobranch fishes), and those that excrete mainlj uric 
acid “uricotelic” (terrestrial inx ertebntes, terrestrial x ertebrates whose 
eggs subsist under and conditions) Baldwin^ has drawn attention to 


IE Baldwin, Introduction to Com-paralxte Biochemistry, 2nd Ed, Cambridge 
Umversitj Press london, 1940 
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Arginase is found in manj' mammahan tissues, but is especial!) 
abundant in the h\er It is present in the livers of all ureotehc ■verte- 
brates, but appears to be absent from the Iners of uricotelic animal: 
The enzjme is also found in in\ ertebrates and higher plants Arginase 
IS activated bj Mn 2 + or Co-+, the pH-dcpcndcnce curve vanes with 
the metallic activator, but the optimum is, in general, near pH 10 The 
crystallization of beef jivcr arginase has been described^® 

The manner in which arginase participates in urea formation was 
elucidated in a memorable paper by Krebs and Hcnseleit,“ who showed 
that rat liver slices can convert ammonia to urea As a part of this studj 
and of an investigation on the deamination of ammo acids, various 
ammo acids were tested as substitutes for ammonia in urea formation, 
and argmme was found to cause the production of much more urea than 
could be accounted for simply by the action of arginase From the data 
obtained, it was clear that arginine was acting catalytically in the 
production of urea from ammoma, it was subsequently found that 
L-omithme and L-utrullino acted in a similar manner Some of the data 
obtained bj Krebs and Hensclcit arc shown in Tabic 2 

Table 2 Urea Synthesis by Rat Liver Slices ” 

Incubation mivturr cont unctl, per milliliter, 0 12 mg of NHg and 2 mg of 
DL-hctate, Krebs-Rmger solution, pH 74, tempenture, 37® C 


Added Substance Qore*'!' 

None 1 94 

L-Ornithme (2 mg per ml) 9-82 

L-CitruUine {2 mg per ml) 1278 

L-Citrulhne (2 mg per ml), no ammonia 0 


t Qorea cubic milhmetcrs of urci-COa per milhgram of drj weight of tissue 
per hour The urea-CO^ v\as detenmned inanometncally after treatment of the 
incubation mixture with^urea^e 

In order to explain the catalytic effect of these three substances on 
urea formation, Krebs proposed a mechanism that has come to be 
Known as the “ornithine cycle” (Fig 1) It is important to stress that 
the experiments reported in Table 2 were conducted in the presence of 
oxjgen, and of an oxidizable substrate such as lactic acid Under these 
conditions, a small amount of ormthme is sufficient to effect the con- 
version of an appreciable amount of ammonia to urea 
In subsequent studies, many details of this scheme have been con- 
firmed and extended Thus the conversion of citrulhne to arginine has 

v>S J Bach and J D Kdhp. Bwehtm et Biophys Acta. 29, 273 (1958) 

11 n A Krebs and K HenseJeit Z physiol Chem 210. 33 (1932) 
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of the urinarj ammonia nitrogen and urea nitrogen excreted bj an 
animal on a constant diet remains constant from daj to daj, but the 
relatne amounts of the tuo ma> vary, depending on the electrolyte 
balance of the blood It is important to re-emphasize, hone\er, that, 
although ammonia is a precursor of unnarj urea, blood urea is not an 
important precursor of unnarj ammonia 
Clearlj, ^hen an animal is transferred from a high-protein diet to a 
diet lo^ in protein (mostlj fat and carbolijdrate), the amount of unnarj 
urea decreases appreciablj, as shonn bj the data in Table 1 
Although urea is an end product of nitrogen metabolism in mammalian 
tissues, the administration of N*®- or C^'*-labeIed urea to a suitable 
animal (rat, cat) leads to the appearance of Nio m the tissue protemjs® 
or of in the respirator) CO 2 This is a consequence of the hjdroljtic 
cleaxage of urea to NH 3 and COo bj urease (p 246) present in the 
bacteria of the gastrointestinal tract* Urease is widelj distributed 
among microoi^anisms and higher plants, in its action on urea, carbamic 
acid (NH 2 — COOH) appears to be formed as an intermediate which then 
decomposes to NH 3 and CO 2 ’ 


Table I Twenty Four*Hour Urinary Excretion of a Human Subject® 


Volume of urine 
Total nitrogen 
Urea nitrogen 
Ammoma nitrogen 
Uric acid nitrogen 
Creatinine nitrogen 
Undetermined nitrogen 


High-Protein Diet 
1170 ml 
1C S grams 
14 7 grams 
0 49 gram 
0 18 gram 
0 58 gram 
0 8*5 gram 


Lon. Protein Diet 
385 ml 
3 6 grams 
2 2 grams 
0 42 gram 
0 09 gram 
0 GO gram 
0 29 gram 


Mechanism of Urea Formalion Because urea is the major nitrof^enous 
excretion product of man, and most other terrestrial xertebrates con- 
siderable stud) has been dexoted to the biochemical mechanism of its 
formation from ammo acids Urea was discoxered in urine in 1773 by 
Rouelle, but the first indications of its metabolic source came from the 
experiments of Kossel and Dakin,® who found in animal tissues the en- 
zyme arginase, which causes the hjdroljtic cleaxage of L-argmme to 
L-ornithme and urea 


® W C Rose and E E Dekker, J Biol Chem 223, 107 (1956) 

*H L Komberg and R E Davies, Physiol Revs, 35, 169 (1955) 

H 'Wang and D A Tarr, y Am Chem Soc 77, 6205 (1955) 

8 0 Folin 3 Am Med Assoc 69. 1209 (1917), according to J P Peters and 
D D Van Sl>ke, QuantUatiie Clinical Chemistry, 2nd Ed, 'Williatna and Wilkins 
Co, Baltimore, 1946 

®A Kossel and H D Dakm, Z physiol Chem, 41, 321 (1904) 
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to AMP and inorganic pyroph<«phate L-Aspartic acid cannot be 
replaced by any other ammo acid tested In the second step, arginino- 
succmic acid is cleaved by an enzyme whose action resembles that of 
aspartase (p 240 ), with the formation of arginine and fumaric acid 
This cleavage is readily reversible, and argminosmccimc acid has been 
isolated upon incubation of ai^ninc and fumaric acid with enzyme 
preparations from animal tissues and from microorganisms The en- 
zyme that catalyzes the reaction between ai^nme and fumanc acid is 
fairly specific for these substances, but i.-canavanine (p 66) is active 
m place of argmme^® 

It will be noted from Fig 1 that cilruDine is formed from ornithine, 
■NHg, and COj The studies of Gnsolia and Cohen'® showed that this 
con\er*'ion can be effected by a soluble cnzjrae system (from rat hver) 
which requires the presence of ATP, of Mg 2 +, and of an acyl-L-glutamic 
acid (eg, acetvl-L-glutamic acid, carbam>l-L-glutamic acid) They 
also -bowed that at least two enzymic reactions occur m the formation 
of ntrulhnc In the first step, CO^, NHg, and ATP interact, in the 
prtsscnce of and an acyl glutamic acid, to form an organic phos- 

phate compound and ADP In the second step, the phosphate compound 
reacts with ornithine to form citrulhne The organic phosphate com- 
pound (onginall) termed “compound X") is probably identical with 
carbam>l phosphate (XHs — COOPOa*”) since Jones et al demon- 
strated that svnthctic carbamyl phosphate (prepared by the reaction of 
KH2PO4 with KCKO) reacts with ornithine in the presence of liver 
preparations to fonii citruUine The substance phosphorylated b> ATP 
in the first step is assumed to be carbamic acid {KH2 — COOH) which 
IS m equilibrium with ammonium bicarbonate (NH4HCO3) derived 
from XH3 and CO2 Tiie role of the acyl-n-glutamic acid in the enzjniic 

( 1 ) NH3 + CO2 + ATP»- ^ NHj— COOPOa®- + ADP’- + H+ 

(2) XHa — COOPOa^" + L-om»thme i>citrulUne -f HP 04 ^“ 

formation of carbam>I phosphate has not been elucidated The enzjme 
that, cataljzes the reaction between carbamjl phosphate and ornithine 
(equation 2) has been purified from rat liver by Rexchard/' and named 
“orruUune carbamyl transferase", the equilibrium constant (pH 74 , 
37 ® C) of the reaction is about 10 ® 

S Ratncr and B Petrack, Arch Btoehem and Btopkys, 65, 5S2 (1956) 

15 j B Walker, / Biol CAem , 204, 139 (1953) 

x«S Gnsolia and P p Cohen, / Btol Chem,19l, 189 (1951), 198,561 (1952), 
204, 753 (1953) 

11 M E Jones etal / Am Chem Soe 77 , 819 0955) , P Ileichard Acta Chem 
5co77d, 11, 523 0957) 
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been elucidated by Ratncr/- who showed that it is efTected by Iner 
extracts (ox, rat), and that the nitrogen added to citruUine does not 
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Fig 1 The Kicbs “ormlhiDc cjcle” 


come directh from ammonia, but from L-aspartic acid In the metabolic 
formation of arginine from citrulline and aspartic acid, two enzjniic 
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steps are m\ohed,” as shown in the accompan>ing scheme In the 
first step, citrulline and aspartic acid condense to form argininosuccinic 
acid, ATP IS an obligatory participant m this reaction, and is cleaied 


12 s Ratner /Idiances tn Enjymot 15, 319 

'3S RatDcr et al J Biol Chem 204,95 115 (ISSa) 
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Various bacteria {eg, Streptococcus fecahs) are known to con\ert 
citrulhne to ornithine by a process coupled to the phosphorj lation of 
ADP to form ATP 2*^ Tiie dlsco^ery, by Jones et al of the metabolic 
role of carbamyl phosphate led to the recognition that this microbial 
process m\ohes the enzymic phosphoroljsis of citrulhne to form orni- 
thine and carbarayl phosphate, whose phosphate is transferred to ADP 
with the generation of ATP, and the liberation of CO 2 and NH 3 These 
two steps clearly represent ilie reversal of the two reactions in the con- 
version of ornithine to citrulhne in the Iner In contrast to the behavior 
of the enzyme system from liver, the presence of an acyl-L-giutanuc 
acid IS not required for the action of enzyme preparations from S Jecclis 
It may be added that this organism, as well as other bacteria, contains 
an enzyme ("arginine dcsimidase") which converts arginine to citrulhne 
and ammonia Thus tlie over-all conversion of arginine to ornithine 
in S fccalis proceeds by a pathway different from that in mammalian 
hver, where this process is effected by argmase, with the formation 
of urea 

The discovery of carbamyl phosphate as a metabolic donor of a 
carbamyl (NH 2 CO— ) group has also thrown light on other enzyme- 
catalyzcd reactions in which tins group is transferred to an organic 
compound For example, enzyme preparations from hver and from bac- 
teria catalyze the reaction of carbamyl phosphate with t-aspartic acid 
to form carb'imyl-i.-asp'irUc acid (urcidosuccmic acid), an intermediate 
in the biosynthesis and breakdown of pyrimidines (Chapter 35) 

Fornnaiion of Unc Acid 

In uncotehc organisms such as birds, the principal nitrogenous excre- 
tion product, uric acid, is formed in the hver and kidneys, the remova 
of the liv er leads to the accumulation of ammo acids m the blood Pj 
the administration to pigeons of a variety of compounds labeled with 
C*® or C*'*, the metabolic origin of the carbon atoms of unc acid has 
been established-- The available evidence indicates that carbon 6 0 
unc acid is derived from CO 2 , carbons 2 and 8 are derived from 
"formate^' (cf p 774), known to anse from the ^-carbon of senne, 
carbons 4 and 5 arc derived from the carboxyl and methylene groups 
of glycine, respectively Studies witli isotopic glycine showed that this 
ammo acid contributes nitrogen 7 to the unc acid molecule, and that 
the N — C — C skeleton of glycine is incorporated as a unit Nitrogen 

=0 V A Kmvclt, Biochcm J , 56, 602, 606, 58, 480 (1954) 

21 r L Ogmskj and It F Gehng J Biol Chem, 198, 791, 799 (1952) 

22 J C Sonne etal.J Biol Cftcm , 173, 69, 81 (1949) 

23 jy Elttjn and D B Spnnsoa, J Biot Ckctn 184, 465 (1950) 
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It IS clear from the foregoing discussion that ATP is required both 
for the con\crsion of citrullino to argminc and for the conversion of 
ornithine to citrulline This ATP can be supplied to the urea-synthesizing 
system of the liver by oxidative phosphor>lation coupled to the citric 
acid cjcle, thus explaining the original observation of Krebs and 
Henselcit that an oxidizablc substrate and ox>gcn were required for 
urea synthesis (cf p 850) In addition, several components of the citric 
acid c>cle are involved, either directlj or indirectly, in the transformation 
of components of the ornithine c>cle, as shown in Fig 2 
The importance of the ornithine ejele in the removal of the toxic 
ammonium ion from the animal body is illustrated by the observation 


CO 2 + NH 3 Phosphate ^ Citrulline 

atp-4 

•^ADP // 

AMP 



ATP 

Aspartic acid 



■"Arginine'^ Flimancaod 
Fig 2 The ornithine ejele, and its relation to the citric acid cjcle 


that prior administration of L-arginmc to rats markedl> reduces the 
toxicitj of relatively large doses of ammonium salts or of ammo acids*® 
Some reactions of the ornithine ejele have been shown to occur in 
Aeurospora Mutants of this mold have been obtained m which (a) the 
production of ornithine, (6) the conversion of ornithine to citrulline, or 
(c) the conversion of citrulline to arginine is blocked Since Nturos-poro. 
contains not only argmase but also urease, the urea formed in the 
ornithine cycle can be converted to CO 2 and NHg The sequence of 
reactions in A^ewrospora is shown in the accompanying scheme 

Block a Block ft Block c 

1 1 1 

► Ornithine —*■ Citrulline Arginine Proteins 

Urea + 2N^ 

** J P Greenstem et al , Arch Biochem and Bxophys , 64, 342, 355 (1956) 

M Srb and N H Horowitz J Biol Ckem, 154, 129 (1944) 
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from the small fragments indicated in Fig 3 thus raises the general 
question of the biosynthesis of the purines, this y-ill be considered m 
Chapter 35 

In roan, uric acid appears to be a true end product of nitrogen metab- 
olism If N^®-labeled uric acid is adraimstered to human subjects b> 
intravenous injection, about 80 per cent of the isotope is excreted as 
urinary unc acid If administered by mouth, isotopic uric acid is 
extensively degraded in the gastrointestinal tract, presumably by bac- 
terial action, and roost of the appears m the urine in the form of 
urea Human subjects, and also birds, arc occasionally afflicted with a 
metabolic abnormality termed gout, characterized by the deposition in 
tlie tissues, and espcciallj in the joints, of solid salts of unc acid (urates) 
whicli arc extremely insoluble The immediate cause of this metabolic 
disfunction is not entirely clear, but the disease may be the consequence 
of the overproduction of uric acid^^ 

In most mammals, except man and the higher apes, unc acid is oxidized 
in the liver to allsntom (discovered by Vauquclin m 1790), which is 
excreted m the urine This oxidation is effected bj the enzyme uncase, 
believed to be a copper protein"* When unc acid labeled with N*® 
in positions 1 and 3 is subjected to the action of uncase, the allantom 
formed is labeled m all of its nitrogen atoms, indicating that a sym- 
metrical intermediate is formed In the enzymic oxidation, carbon 6 of 
unc acid is lost as COg, whereas carbons 2 and 8 are retained in the 
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s«W Gcren ct t\, J Btol Chem, 183. 31 (1050), J B Wyngoardea azti 
D Slctten tbtd 203, 9 ( 1953 ) 

''■MX, 36, 1503 (1957) 

-sn R Mahler et a!, Science, 124, 703 (1956), H Baum et al , ^loehtm el 
Biophys Acta, 22, 514, 528 (1956) 
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Atom 1 IS domed from aspartic aud, and nitrogens 3 and 9 are derived 
from tlie amide nitrogen of glutamine as noted pre\iouslj, the ammo 
group of aspartic acid (cf p 760) and the amide nitrogen of glutamine 
(cf p 721) arc readiU demod from amiiioniimi ions 
Thus the isotojic technique has demonstrated that small fragments 
ser\e as precursors in the formation of uric acid in birds (Fig 3) Other 
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rig 3 Metabolic precursors of the carbon and nitrogen atoms of uric acid 


studies ha\e shoun that essentially the same conclusions about the 
sources of carbon and nitrogen for uric acid s>nthcsis applj to mammals 
(including man) An important difference bcttieen birds and mammals, 
ho^\e\cr, is the fact that in the former unc acid is the principal end 
product of protein metabolism, nhorcas in man uric acid is primarily 
an end product of purine metabolism Since m both kinds of animals 
similar compounds serve as precursors of the carbon and nitrogen of 
unc acid, it may be concluded that the similarities apply to the forma- 
tion of purines at a louer Ie\el of oxidation than that of uric acid 
(c g . h> poxanthine) , consequcntlj , the difference bet’w een the species lies 
in the relatue extent to which these precursors, and especiallj the nitro- 
gen of the metabolic pool, arc used for the synthesis of such purines 
For example, it has been shown that pigeon Ii\er slices, on incubation 
with ammonia, give rise to appreciable quantities of h> poxanthine 
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presumabl), this is then oxidized, bj means of xanthine oxidase (p 339), 
to form unc acid The problem of the mechanism of unc acid formation 

-^J C Sonne et al , J Btol Chem , 220, 369 (1956), B Le\enberg et al tbid , 
220, 379 (1956) 

25 N L Edson et a! Btochem J, 30, 732, 1380 (1936) 
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the tissues Creatinine, like uric acid, is a true end product of nitrogen 
raetabolisra 

It was noted preMously that small amounts of ammo acid nitrogen 
are excreted m the urine Chromatographic studies ha\e shown tliat 
norma) adult humans excrete about 1 1 grams of free ammo acids per 
da> corresponding to about 180 mg of nitrogen (ca 1 2 per cent of 
the total urinary nitrogen) In addition to the free ammo acids, ac>latcd 
ammo acids (e g , hippuric acid, phenylacetj Iglutamine) also are present 
in human urine In patients suffering from liver disease, such as massne 
hepatic necrosis or progressive cirrhosis, a marhed increase in blood 
ammo acids and in unnarj ammo acid excretion is frequent! j observed, 
probablj because of the failure of the liver to metabolize ammo acids 
at a normal rate In other diseases, such as cyslmuna (p 788) or galac- 
tosemia (p 4C5), the lev’el of blood ammo acids is usuallj in the normal 
langc, and the increase m unnary ammo acids which frequentlj accom- 
panies these diisoascs is probably a consequence of the failure of the 
kidnev tubules to reabsorb the ammo acids present in the glomerular 
hltrate Such abnormal Kidnej function also appears to be responsible 
for the ammo aciduria observed m Wilson’s disease, a rare hereditarj 
condition characterized bj progressive degeneration of brain tissue and 
cirrhosis of the liver, and associated w'lth an abnormal metabolism of 
copper 

Among the nitrogenous constituents found m living systems is the 
compound tnmctlijlainme oxide, (CHslgN-^O This substance is 
present in the tissues and excreta of many marine invertebrates and 
vertebrates Although it has been suggested that tnmethjlamine oxide 
IS an end product of nitrogen metabolism m salt water fish, there is 
evidence to mdit vtt that the compound is mainly of exogenous origin®’’’ 
This conclusion is m accord with numerous observations that trimeth>l- 
amine oxide is found only in the tissues of marine fish that feed on 
zooplankton and crustaceans, in the latter species, the oxide is probablj 
formed from endogenous sources, although no metabolic pathway for 
its biosyntlicsis cm be defined at present The unpleasant odor of 
tnmcthylamine characteristic of putrefied fish is probably caused by 
the bactenal reduction of tissue tnmethylamme oxide 

Triraethylamme oxide is related to the betaines, of which gl>cme 
betaine, (CHslgN'^CHjCOO'', is the simplest example The relation 
of this substance to chohne in animal metabolism has already been dis- 
cussed (p 802) Glycine betaine is present m plants and in the muscle 

35 W H Stem, / Biol C/tf w , 201, 45 (1953) 

H Stem et al / Chn Invest, 33, 410 (1954), G E Cartwngbt et al, 
tbid, 33, 1487 (1954) 

35 E Jt ^om3 and G J Benoit. Jr, / Btot Chetn , 158, 433, 439, 443 (1945) 
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allantoin From the a\ailable e\idencc, it appears that the conversion 
of uric acid to allantoin proceeds me ti\o intermediates, belle^ed to be 
compounds I and 11 sho^n in the scheme on page 856 It is of interest 
that, if phosphate buffer is replaced by borate buffer (pH 7 2) in the 
cnzjmic incubation mixture, uric acid is mainlj oxidized to alloxanic 
acid and urea, which probablj arise from the unstable intermediate III 
In fishes, allantoin may be cleaned to allantoic acid, and thence to 
urea and gljox\lic acid, the enzjmcs that cataljze these reactions are 
termed allantoinase and allantoicase, respectively®^ 
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Other End Products of Nitrogen Metabolism in Animals 

As noted earlier, in addition to urea, ammonia, and unc acid, animals 
may excrete ^arjing but small quantities of other nitrogenous end 
products One of those excreted m mammalian urine is creatinine, which 
arises from the creatine in the tissues Creatine synthesis involves at 
least two reactions (a) a transamidination, by which the amidine group 
of L-argmine is transferred to the nitrogen of glycine to yield guanidino- 
acetic acid (p 803) , and (b) a transmethylation, by which the S-methyl 
group of methionine is added to gunnidinoacetic acid (p 80-1) In verte- 
brates most of the creatine so formed is found (as creatine phosphate) 
in the muscle, where a portion of it is continually converted to creatinine 
(p 804) , this metabolic process is essentially irreversible 
The creatinine excreted in the urine is correlated to the fate of the 
muscle creatine, diseases that affect muscle arc accompanied by an 
increased excretion of creatinine Small quantities of creatine also are 
normally excreted m the urine, the excretion of this compound rises 
markedly m conditions characterized by the breakdown of muscle tissue 
From the data obtained in isotope experiments,®® it is known that the 
creatinine (and creatine) in the urine of animals maintained on a diet 
devoid of these two compounds is derived directly from the creatine of 

R Bentle> and A Neuberger Btochem J, 52, 694 (1932) 

S Canellakis and P P Cohen, / Biol CAem , 2 J3, 385 (1955) 

M LaskoT\skj in J B Sumner and K M 3 rrback The Enzymes, Chapter 27 
Academic Press New York, 1951 

K Bloch and R Schocnheimer, J Btol Chem, 133, 633, 134, 785 (1910) 
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the biosjnthesis of nicotine by the tobacco plant have shomi that the 
pj rrolidme nng of this alkaloid is dem cd from omithme" (as predicted) 
Hon ever, the pjridme ring of nieotrac is derived not from l>sine, but 



NicoliM Alubasme 


from nicolmic acid,^* uhich ma> arise from trjptophan (cf p 840) It 
IS of interest that l>sme is utilized for tlic bios>nthesi8 of the pipendme 
nng of the tobacco alkaloid anabasme The formation of the pyrroUdme 
and pipendme rings of these and other alkaloids may invohe the action 
of diammc oxidase (p 823) on ornithine and Ijsine, or on the diamines 
domed from these ammo acids bj decarboxylation (p 767) 

A,nother substance vs hich, like anabasme, contains a pipendme group, 
and IS believed to arise from i>8mc, is coniine, the chief alkaloid of 
hemlock Conune (2-n-prop>lpipendme) was the first alkaloid to be 
synthesized in the laboratory (Ladenburg, 1886) 

Kicolme contains a N-metliyl group, the dcmethylated compound is 
termed nomicotmc The administration to tobacco plants of methionine 
labeled in the S-methjI group leads to appreciable incorporation of 
isotope in the methyl group of nicotine,*® suggesting that transmethyla- 
tion from methionine to nomicotme may occur in these plants However, 
the possibility also exists that the N-mcthyl group of nicotine may arise 
from “active formaldehyde” demed from the a-carbon of glycine or the 
^-carbon of serine {p 774) ■** 

Among the numerous other alkaloids that contain a pyrrohdme nng 
IS hygnne fp 801), which is also believed to be derived from ornithine 
A group of alkaloids structurally related to hygnne has a condensed 
pyrrohdme-pipcridme nng, an example of this group is the alkaloid 
tropine, which may arise by ring closure of hygnne The important 
alkaloid atropine is the tropine ester of a-pbeny igly colic acid 

Among the plant alkaloids is hordemne, which occurs m the roots of 
germinating barley , and probably arises from pheny lalanme v la ty rosine, 

<OL J Dewey ct al Bwchttn et Btophys Acta, 18, Hi (1955) 

F Dawson et al J Atn Chem Sac 78, 2645 (1956), E Leete, iW , "8* 
3520 (1956) 

P J G Mann and W R Smithies Btochem J , 61, S9 (1955) 

«L J Dewey etfi! J Am Ckem Soc,76,3007 (1951) 

**R U B>crrum etal,7 Bwl CAem, 216, 371 (1955) 
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tissues of animals Plant tissues also contain other betaines, such as 
stachjdrme and trigonelline, cjclic betaines of this tjpe are widelj 


CHa— CH2 


CHa ^CHCOO“ 
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Staehydnne Tneonelline 

distributed in plants, and it has been suggested that the> may be end 
products of protein metabolism 


Plant Alltaloids^® 

An important group of substances nhicli maj represent end products 
of nitrogen metabolism in higher plants are tiic alkaloids, 1 e , basic 
(alkali-like) nitrogen compounds Most of these compounds exert char- 
acteristic phj biological effects on animals, some of the oldest pharmaco- 
logical agents arc included in this group Although the structure of manj 
alkaloids has been established b> chemical degradation and ultimate 
sjnthesis, relatuclj little information is axailablc about the metabolic 
path^^ays inxoKod in their biogenesis, houc^cr, man> \aluable hjpoth- 
cses ha\e been based on the structural rehtionship of xanous members 
of this group to knoA\n ammo acids, in particular, tryptophan, proline, 
phenjlalanmc, lysine, and ornithine ha\c been considered as possible 
precursors 

Nearlj all the kno^n alkaloids can be related structurally to amino 
acids or amino acid dernatixcs through hypothetical reactions inxolving, 
for example, methylation, decarboxylation, or reactions in ^hich formal- 
dehyde or formate participates The examination of these stimulating 
hypotheses about the biosynthesis of alkaloids remains a fruitful field 
of biochemical study bv enzymic and isotopic methods Some of the 
biological aspects of alkaloid formation in plants ha\e been discussed 
by Dai\son^® and Mothes^® 

Sexeral of the hypotheses based on structural similarities ha\e recen ed 
support from biochemical isotope expenments For example, studies on 

A Henry Plant Alkaloids 4th Ed, J and A Churchill London 1949, 
R H r Man«>ke and H L Holmes, The Alkaloids, Vols I-V, Academic Press 
New York 1951-1955 

Robinson, The iStructuraf Relations of Natural Products, Oxford University 
Press London 1955 

R F Dawson, Advances tn Emymol, 8, 203 (1948) 

Mothes, Ann Rev Plant Physiol , 6t SlXi (1055) 
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An especzallj jnteresting group of mdoJe aJkaloids are denied from 
the drug ergot, which is obtained from the myceha of the fungus 
Clavtceps purpurea In addition to \anou8 products of ammo acid 
decarboxjlation (histamine, ijramine, cadavermc, putreseme), ergot 
contains the pharmacologically actne alkaloids ergometnne, ergotamine, 
and se\eral ergotoxines (ergocristine, crgocormne, ergokryptine) All 
these alkaloids contain a eoramon structural unit, termed n-lysergic acid 
In ergometnne, lysergic acid is linked to L-2-aminopropan-l-oI by an 
amide bond In ergotamine, the carboxyl group of lysergic acid is 
linked to a peptide which, on acid hydrolysis, yields pyruvic acid 
(derived from a-hydroxyalanme), ammonia, n-phcnylalanmc, and n-pro- 
Ime, m the intact alkaloid, the prolmc has the L-configuration, and the 
D form IS an artifact obtained on hydrolysis The peptide portion of 
the ergotoxme group yields on hydrolysis dimethylpyruvic acid, am- 
monia, D'prolme, and another amino acid L-pben> lalanme (from ergo- 
cristmo) or n-v aline (from crgocormne) ori.-Jeuemc (from ergokryptine) 

The structure of ergotamine is shown, it will be seen that a tetracyclic 
carboxylic acid (lysergic acid) is Jinked by an amide bond to a cyclic 



CH5 — CH, 
CH* OH I I 

! I I 

CQ — 


peptide in which the carboxyl carbon of a prohne residue is linked botli 
to the nitrogen of a phenylalanine residue and to an oxygen atom linked 
to the c-carbon of an alauyl residue In the ergotoxme group, this alanvl 
residue js replace by a valjl residue which, on hydrolysis, gives rise to 
dimethylpyruvic acid It is noteworthy that this type of cyclic peptide 
structure C^'cyclol") was originally proposed by Wnneh^® for the poly” 
peptide chains of proteins TTiere is no experimental evidence at present 
for the cycloi structure of proteins, and the elucidation of the structure 
of the ergot alkaloids appears to provide the first indication of the 
occurrence of eyciol rings m natural products 

It has been reported that the diethylamide of lysergic acid causes 

G Bargor, Ergot and Ergotism Gamey and Jackson, London, 1931 , A Stoii, 
Chem /fciJ, 47, 197 (1950), A L Glenn Quart i?eys, 8, 192 (1954) 

^ r> M \\Tmh,I‘roc Roy Stic , I60A, 59 (1937) 
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tyraminc, and N-methyltyramme The alkaloid ephedrme, Tvhich is 
structurallj related to adrenalin, may also be deri\cd from phenylalanine 
(cf p 829) 



Hot^emne Ephtdnnr 


Another large family of alkaloids contains an indole group, harman la 
one of the simpler representatues, and cscrine {phjsostigminc) is a more 
complex member of this family The biogenesis of harman from tryp- 
tophan IS suggested by the finding that tryptarainc reacts with acetalde- 
hyde under “physiological conditions” (room temperature, pH 5 to 7) 
to form tetrahydroharman, which also lias been isolated from se\eral 
higher plants Dehydrogenation of the tetrahydro compound would 
yield harman 



CH3 

Tjyptemjne Tetrahydroharman 


J Massicot and L Marion Canad J Chetn, 3S, 1 (1957) 
M Badger and A F Beecham, Nature, 168, 517 (1951) 
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Metabolism 
of Porphyrins 


Although most biological forms contain heme pigments (Chapter 6), 
onb’’ a fev. organisms haT-e been found to require an exogenous source 
of porphjnns It has long been known that the vast majority of animals, 
plants, and microorganisros can synthesize the requisite porphyrins from 
constituents of the diet, but decisive data on the metabolic pathways 
in this biosynthesis were not available until the isotope technique had 
been applied to the problem Of special importance was the work of 
Shemm and Rittenbcrg,^ who administered N*®-gl>cme to human sub- 
jects and to rats, and found that the isotopic nitrogen is incorporated 
to an appreciable extent in the pyrrole rings of the hemm (p 178) 
isolated from the hemoglobin The role of gljcme as the specific pre- 
cursor of the heme nitrogen was indicated by the relatively low isotope 
content of the hemm isolated after administration of other labeled 
nitrogen compounds (ammonium citrate, glutamic acid, prohne, leucine, 
histidine) Subsequent experiments with gljcme-l-C*^ and glycine-2- 
showed that, although the methylene carbon of glycmc is extensively 
incorporated into the hemm, the carboxyl carbon is not In addition to 
glycme, acetate is utilized by the rat for the synthesis of porphyrins, 
both the carboxyl carbon and methyl carbon of acetate are found in the 
porphyrin molecule, the methyl carbon being incorporated to a greater 
extent than the carboxyl carbon ^ However, the incorporation of glycme 
carbon into hcmin docs not involve the intermediate formation of acetate 
It may be added that carbon supplied as COa or formate is not incor- 
porated into protoporphynn to an appreciable extent 
The utilization of glycme and acetate for protoporphynn synthesis has 
been demonstrated not only in vivo but also m vitro, in experiments 
with mammalian reticulocytes (immature red cells), with duck erythro- 
cytes, or with hemolysatG'3 of these cells 

ID Sbemm and D RtUenberg J Stol Chem, 166, 621, 627 (1948) 

2N S Radmetal J Biol Cftcm, 184, 745 <1956) 
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hallucinations m human subjects Because of the possible relation of 
such induced mental disturbances to naturally occurring psychoses, much 
experimental stud\ has been dexoted to the metabolic effects of this 
drug,^® ^hich is bchexed to act as an antagonist of 5-hjdroxytryptamme 
{serotonin, p 844) m the brain 

A group of alkaloids, derixcd from plants of the genus Rauwolfia, ha\e 
assumed considerable clinical importance because of their use as tran- 
quihzmg agents in the treatment of nervous and mental disorders 



ReMrpioe 


Among these alkaloids is rcscrpine, whose total synthesis has been 
effected bj Woodward ct The administration of reserpme (and of 
related benzoquinohzine derivatives) to experimental animals causes the 
release of 5-hjdroK>trjptamine from various tissues (brain, intestine, 
blood platelets) 

49E Shaw and D t\oolle> Setence, 124, 121 (1956) 

5® R B tVoodwnrd ct al , / Am Chem Soc, 78 , 2023 (1950) 

A Pletscher, Science, 126, 507 (1957) 
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The studies of Shemm showed that the utilization of acetate for 
porphynn sjnthesis m-volves the intermediate formation of a succmjl 
dernatue (HOOGCHaCHoCO — ^X) which arises bj the decarboxylation 
of ft-ketoglutaric acid, a component of the citric acid cycle From the 
discussion of the fate of the carbons of labeled acetate as they pass 
through the intermediates of the citric acid cycle (cf p 515), it follows 
that the succinyl-X will initially be labeled as indicated in formula I 

(c) COOH (c) COOH (c) COOH 


(m) GHz {m) CHa 


GHz (w) GHz 

i I 

CO— X (m) CO— X 

m {«) 


(m) GHz 
(m) GHz 


(c) CO-X 

am 


{rn denotes carbon derned from the methyl carbon of acetate, c denotes 
carbon denied from the carboxyl carbon of acetate) After one com- 
plete turn of the citric acid cycle, the oxaloacetatc will ha\e become 
labeled, and the succinyi-X formed m the second turn will be labeled as 
shown in formula II In <xddition, the conversion of succmyl-X to free 
succinate appears to be reversible, and a small amount of symmetrically 
labeled succmyl-X (formula III) may be derived from compound I 
From such considerations, Sherain has been able to account quantita- 
tively for the relative extent of labeling of the carbons of protoporphyrin 
derived from acetate* The available evidence points to the identity 
of succmyl-X with succmyl-CoA (p 505) 

It will be noted from Fig 1 that the pattern of labeling m each of 
the pyrrole nuclei of protoporphyrin is tlic same, this important finding 
led to the recognition that a single pyrrole derivative is the common 
metabolic precursor of all 4 rings The precursor pyrrole if> derned 
from succmyl-X and glvTine with the intermediate formation of S-ammo- 
levulmic (S-arainolaevulic) acid® (cf Fig 2) When S-aminolevuhnic 
acid-5-C^* (tlie labeled carbon it. denoted with an asterisk in Fig 2) 
was tested as a metabolic precursor of protoporphyrin, it was found to 
be more effective than glvcmc-2-C^*, the pattern of labeling in the 
porphynn was the same for the two precursors It is assumed that in 
the biosynthesis of S-aminoIev'ulimc acid, u-ammo-^-ketoadipic acid is 
formed as an intermediate® and is decarboxy lated to release (as CO*) 
the carbon derived from the carboxyl carbon of glycine 


<J C Wmton ct al, ^ Bwl (7Acm, 215, 603 (1955) 

5D Shemmttal.y Biol C/iern , 215, 613 (1954) , K D Gih$on et &l , Btochm 3, 
70, 71 (1958), G Kikuchi ct al, / Bxol Ckem, 233, 1214 (1958) 

OA Neuberger et al, B.ocAew 3, 64. 137 (1956) 
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By careful degradation of the hemin formed in experiments such as 
those described above, it was possible to demonstrate that glycine con- 
tributes nitrogen to all 4 pyrrole rings of protoporphyrin, and that, for 
e\er> 4 glycine nitrogens used for porphyTin synthesis, 8 methylene 
carbons of the ammo acid enter the porphyrin Four of these carbons 
appear in the methene bridges which link the pyrrole units, as shown in 
Fig 1 The other 4 carbon atoms appear in one of the two a positions 



•CHa CHj 
•CH2COOH 


Fig 1 Metabolic aourcei of atoms of proloporphj rm IX, as shown by isotope 
experiments (from D Shemin and J Witteobef^) AJJ 4 N atoms are darned from 
glycine, atoms marked with asterisks are derned from the methylene carbon 
of gl>cine atoms marked Tilth solid circles ore dcn'cd from the meth>I carbon of 
acetate, atoms marked with open circles are derned miml> from the methjl carbon 
of acetate and in small part from the carboxjl carbon of acetate, the unmarked 
carbon atoms of the COOH groups are derned solelj from the carbox>l carbon 
of acetate 

of each of the pyrrole rings Glycine thus donates 8 of the 34 carbon 
atoms of protoporphyrin, the remaining 26 are derived from acetate 
Of these, the 2 carboxyl carbons are derived solely from the carboxyl 
carbon of acetate, which also contributes to the pyrrole carbons in the 
manner indicated m Fig 1 As noted above, however, the methvl carbon 
of acetate makes a more important contribution to the porphyrin nucleus 
than does the carboxy 1 group Three of the 4 py rrole carbons are largely, 
or entirely, derived from the methyl carbon of acetate, as are the carbon 
atoms of the side-chain groups (except for the carboxyl carbon of the 
propionic acid group) ^ 

Shemm and J Wittenberg, J Biol Cketn , 185, 103 (1950) 192, 315 (1951), 
H M Muir and A Neuberger, Biochetn J , 47, 97 (1950) 
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organized cell structure, and has not been demonstrated v.ith tissue 
homogenates or extracts On the other hand, the further conversion of 
5-aminoIevuhnic acid to porphyrin is effected by extractable enzymes 
The condensation of 2 molecules of 8-ammolevuhmc acid gives rise to 
a dicarbox) pyrrole named porphobilinogen This reaction is catalyzed 
by an enzyme (S*ammolcvuhnic dchydnise) found m several animal 
tissues Oi'cr, kidney, spleen, bone marrow, etc) as well as m some 
bacteria, the enzyme has been obtained in purified form from beef liver® 
Porphobihnogen was first isolated from the urine of patients with acute 
porphyria® (cf p 872), and shown*® to have the structure gi\en in 
Fig 2 

From the btructure of porphobilinogen it will be seen that the conden- 
sation of 4 molecules of this substance to form a tetrapyrrole (with the 
elimination of the 4 amino groups) should yield a porphyrin having 4 
acetic acid side chains and 4 propionic acid side chains, as in uropor- 
phyrin III (p 168), which IS stnicturall) related to protoporphynn IX 
Indeed, the con\cr8ion of porphobilinogen into uroporphyrin by soluble 
enzymes from erythrocytes has been demonstrated ** However, although 
a tetrapyrrole with 8 carboxyl groups is probably an intermediate m 
heme synthesis, uroporphy rin III does not appear to lie on the pathway 
from porphobilinogen to protoporphyrin The possibility that the octa- 
carboxjhc intermediate is a partmllv hydrogenated uroporphynn III 
(methene groups reduced to methylene groups) is suggested by the 
finding that, if uroporphvnn HI is subjected to chemical reduction with 
sodium amalgam, the resulting product is utilized for heme biosynthesis *- 
The enzyme system tliat catalyzes the conversion of porphobilinogen to 
uroporphyrin Hi has been named porphobdinogenase, and has been 
partially purified from erythrocytes 
In addition to uroporphynn III, coproporphynn III (p 167) is also 
formed from porpljobihnogcn by erythrocyte preparations, presumably 
by decarboxylation of the acetic acid side chains of the intermediate 
with 8 carboxyl groups Coproporphynn HI does not appear to be an 
intermediate in protoporphyrin formation,*® and, like uroporphynn HI, 
may arise from a partially hy drogenated intermediate (Fig 2) Although 
it IS plausible to assume that a reduced coproporphynn III is an inter- 
mediate in heme synthesis, the experimental evidence is indirect, and no 
information is available about the mechanism of the conversion of 2 

8 K D Gibson et al , Btochem J, 61, 618 (1955) 

G VVestaH, A'ature, 170, 614 (1952) 

«G H Cookaon and C Rimington, Bwchem 3, 57, 476 (1054) 

II J E Falk et a! , Bwchejn / , 63, 87 (1936) 

Am Ckem 5«>c, 78, 691 (1958) 

”E I B Drescl and J E Falk, Btodiem J, 63, 383 (1956) 



METABOLISM OF PORPHYRINS 


867 


The a-carbon of gljcine can be converted to a Ci unit that is a pre- 
cursor of the ^-carbon of sermc, the methyl carbon of methionine, the 
urcido carbon of purines, etc (p 774) Shemin has sho^n that the 
administration of 8-aminolc\ulmic acid-S-C*^ to an animal also leads to 
labeling of serine, methionine, and punncs, and has proposed a “succinatc- 
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Role of d-ammole\ubnic acid and of porphobilinogen in the biosynthesis of 


glycine” cycle as an alternative pathuaj of glycine metabolism’ It is 
assumed that an intermediate such as cr-ketoglutaraldeh>de (HOOCCHo- 
CH 2 COCHO) IS formed by oxidative deamination of S-aminole\ulinic 
acid, the aldehyde group (derived from the a-carbon of glycine) is 
thought to be converted to a Cj unit with the formation of succinate, 
^hich is reutilizcd m the condensation of succinyl-X with more glycine 
to regenerate S-aminolevulmic acid 

The condensation of succmjl-X with glycine appears to require 

’D Shemm, Harvey Lectures, 50, 258 (1956) 





870 GENERAL BiOCHEMlSTRY 

exponentiallj after an initial nse, and the newly formed cells are appar- 
ently destroyed to the same extent as the older ones 



Fl0 3 concentration m hcmm after feeding N^®-gl>cjDe to fl normal subject 
(ordmntc on left) and to a patient with sickle coll anemia (ordinate on right) The 
vertical arrow denotes the time (ta 120 days) at which the rate of destruction of 
labeled erythrocytes IS maxima! {I-rom I M London et aP^) 

Biosynthesis of Pyrrole Compounds m Microorgonisms ond Planis, 
It •will be recalled that several heme proteins important m biological 
oxidations {cjtochroraes, peroxidases, catalases) arc widel> distributed 
in nature Most organisms arc able to synthesize the porphjrm portion, 
for example, in response to aerobic conditions of growth, yeast can make 
its cjtochromc e from small precursors^* The available information 
indicates that the pathway of porphjrm sjnthcsis in the formation of 
cytochrome is similar to that in the formation of hemoglobin, and glvcine 
has been shown to he a specific precursor, both in yeast and m animal 
tissues The specific utilization of gljcmc for porphyrin sjntheais has 
aho been demonstrated with Corynebactenurn diphtkenae (cf p 357) 
and in the formation of the heme protein present in the root nodules of 
leguminous plants (cf p 164) ” 

Glycine and acetate also are utilized bj green plants for the synthesis 
of chlorophjll,*® and studies with the green alga Chlordla have shown 
that 5-aminolevuhnic acid and porphobilinogen are intermediates m the 
process Artificially induced mutants of Chlorella that arc unable to 
i®B Ephrussi p p Slonimaki, Biochxm et Biophys Acta, <>« 258 (1950)» 
M Jeas and C L Drabkm J Btol Ckem,22i, 921 (1957) 

11 J E Richmond and k Salomon, RtocAtm et Biophys Acta 17« 48 (1955) 

i« R J delfa Rosa et al . J Bull Chem , 202, 771 (1953) 

i»L Bogorad and S Gramtk, Proc Xatl Acad Sct,$% 1176 (1953) 
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propionic acid side chains of eoproporph> nn III to the \inyl side chains 
of protoporphyrin IX The mechanism for the introduction of the iron 
of heme is unknoun, but is belic\e<l to be an enzymic reaction l^^ol^lng 
protoporphyrin IX or some closely related compound 

Tlie condensation of porphobilinogen to a tetrapyrrole ^hich can gi\e 
rise to uroporphyrin III, coproporphy nn III, and protoporphyrin IX 
appears to iniohc a specific enz\mic mechanism ^hicli effects the 
characteristic asymmetric arrangement of the side chains on the 4 pyrrole 
nuclei, the nature of this mecliamsm is unknown, and has been the 
subject of stimulating speculation^ It should be added that porpho- 
bilinogen can undergo nonenzymic condensation to form porphyrins, in 
addition to uroporplnrin III, the symmetrically substituted uroporphyrin 
I (p 168) is formed 

It is clear from the foregoing that, although the role of S-aminole\ulinic 
acid and of porphobilinogen as metabolic intermediates in the synthesis 
of heme from glycine and succinate is well established, many steps in the 
o;cr-all con\crsion still remain to be elucidated A \aluable discussion 
of the status of this field in 1955 may be found m the volume edited by 
Wolstcnholme and Millar 

The fact tint gKcinc is specifically used for the synthesis of the 
protoporphyrin of hemoglobin has permitted a striking experiment to 
determine the life span of the human crythroevte London et aP® 
administered to a human subject N*®-labcled glycine for 2 days, and at 
intervals thereafter withdrew sufficient blood for the isolation, from the 
erythrocyte hemoglobin, of hcmin, whose N^^-content was then deter- 
mined As will be seen from the solid curve in Fig 3, there is an initial 
rapid rise in the isotope concentration of the isolated hemin The high 
level IS maintained in the normal subject for an extended period (ca 100 
days), thus indicating that the porphyrin of the adult erythrocyte 
does not lose ic, it is not in a “dynamic” metabolic state, but 

remains in the erythrocyte until the cell is destroyed and the protopor- 
phyrin IS converted to bile pigments (p 872) Since the bile pigments 
are end products of porphyrin metabolism, the porphyrin nitrogen is 
essentially removed from the metabolic pool An examination of the 
solid curve in Fig 3 shows that the cells labeled during the period of 
glycine administration disappear from the blood most rapidly after 120 
days, which may be taken as the average life span of the normal human 
erythrocyte In the pathological state known as sickle cell anemia, the 
shape of the isotope concentration curve for hemin is completely different 
(the broken line in Fig 3), here the isotope concentration falls off 

HQ E y\ tv olstenholme and E C P MiUar Porphynn Biosynthesis and 
Meiabohsm, J and A Churchill London, 1955 

15 1 M London etal J Bwl Chem 179,463 (1949) 
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porphyrins will support the growth of H tnjluenzae, however, if free 
porphyrins other than protoporphyrin are supplied, no growth ensues 
This difference has been related to the presence m protoporphjnn of the 
Mn>l groups which are thought to be essential for the metabolic intro- 
duction of the metal to form the iron-porphynn complex Similarly, it 
was found that the free carboxyl groups of the propionic acid side chains 
were involved in the growth-promoting process, these are believed to 
be important for the binding of the mctnlloporphyrin to the appropriate 
protein 

Some of the conclusions drawn from studies on the biosynthesis of 
tctrapyrroles from glycine and acetate also apply to the formation of 
the tnpyrrylmethcne pigment prodigiosin (p 168) elaborated by Serrotm 
marcescens As m the synthesis of protoporphyrin m animals, the nitro- 
gen and a-carbon of glycine, as well as both carbons of acetate, arc uti- 
lized for the formation of prodigiosin ^ A mutant strain of S marcescens 
which cannot make the pigment elaborates an intermediate (probably 
a dipyrryl compound) wliose structure has not been elucidated as yet®* 
Porphyria In the human disease known as acute intermittent por- 
phyria, frequently characterized by nervous symptoms, large amounts of 
porphobilinogen are excreted m the urmc After exposure to air, the 
urine of such patients contains porphyrins, presumably formed by non- 
enzymic condensation of porphobilinogen (cf p 869) A condition 
similar to acute porpiiyrm can be pioduced experimentally m rabbits by 
the administration of drugs such as Sedorraid (allyl-isopropyl-acetyl- 
urea) , the tissues of treated rabbits have been found to contain higher 
amounts of S-ammolevuhnic dchydrase than those of untreated animals 
In addition, the liver of Sedomiid-treated animals accumulates relatively 
large amounts of green porphyrins of unknown constitution 
Another type of porpliyna, known as congenital porphyria, appears 
to involve a dysfunction of the blood-forming organs, it is cluracterized 
by the deposition of porphyrins in the tissues, causing extreme photo- 
sensitivity, and by the excretion of relatively large quantities of uropor- 
phyrins I and III and coproporpliy nn I m the urine When N^°-gly cme 
is administered to porphyrinunc patients, the pyrrole nitrogens of the 
urinary porphyrins are labeled with N*® The porphyrins formed in 
porphyria appear to be in a dynamic state, since the rates of incorpora- 
tion and loss of arc extremely rapid®® 

The Bile PtgmenU The metabolic breakdown of the hemoglobin 
released upon the disintegration of erythroevtes in the maromahan 

MR Hubbard and C Rimington BwcUm J , 46, 220 (1950) 

2*U V Sautcr and H J Vogel, Bioekim el Biophys Acta 19, 578 (1956) 
fijoc/.e>n Soc Symposia, iZ, 27 0954) 
nS S al. Siocfecm J, 47 , 81 , 87 , 642 (1950) 

C H Gray, The Bile Pigments, Methuen, London. 1953 
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make chlorophyll accumulate porphynns Tsluch may be intermediates in 
normal chlorophyll synthesis from porphobilinogen-® Thus one mutant 
produces a mixture of porphyrins containing between 2 and 8 carboxyl 
groups, and presumed to be precursors of protoporphyrin IX, among 
these porphyrins is hematoporphynn IX (p 167) Another mutant accu- 
mulates protoporphyrin IX, and m a third mutant the magnesium 
complex of protoporphyrin nas found, the presence of the magnesium 
complex of the iinyl pheoporphynn aj also nas demonstrated On the 
basis of the data available at present, it would appear that, like animals, 
green plants synthesize protoporphyrin IX from small fragments (glycine, 
acetic acid), and then con\ert this porphyrin to chlorophyll by a senes 
of reactions in which the magnesium is introduced into the protoporphy- 
rin and the resulting complex is transformed into vinyl pheoporphynn as 
(cf Fig 4) A similar pathway may be involved m the biosynthesis of 
bactenochlorophyll (p 183) by photosynthetic bacteria, such as Rhodo- 
pseudomonas spheroides, wluch can make porphyrins from S-amino- 
levuhnic acid 


Glycine 

Acetate 


Protoporphyrin DC 
1 ' 

Cytochrome c 


Mg proiopoiphynn K 
) 
t 
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Bacteno- < Chlorophyll a • 
chlorophyll | 


Chlorophyll b 



Fig A Proposed pathwa> of biosynthesis of the ehlorophylb {From S Granick 22) 


A fen organisms require preformed porphyrins for gronth, examples 
are the flagellated protozoan Stngomonas and the bacterium Hemophilus 
influenzae Studios b> Granick=2 ha\e shown that a \aricty of iron 

2«S Granick, J Bwl Chem , 183, 713 (1950). S Granick et al , ibid 202, 801 
(1953) 

J Lawelles Biochem J , 62, 78 (1056) 

2- S Granick, Harvey Lectures, 44, 220 (1950) 
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hemoglobin can be oxidized by oxygen (in the presence of ascorbic acid) 
to a green conjugated protein (choleglobm) in ^hich the prosthetic 
group IS the iron complex of a bile pigment resembling bihverdm In 
VIVO, the iron released bj the catabolism of hemoglobin is retained, 
largely m the form of ferntm (Chapter 36), and the bile pigments 
are excreted 

Examination of the structure of bihverdm shows that the side chains 
are the same as m protoporjihyrin {4 mcthjl, 2 vinyl, 2 propionic acid), 
and that the porphin ring was oxidized at the methene bridge between 
the two pjrrole rings bearing vinjl groups Bihverdm appears to be the 
first bile pigment formed in the catabolism of hemoglobin, and has been 
identified m the bile of some animals, m dog placenta, and in the egg 
shells of some birds Howexer, bihverdm is not found m normal human 
blood, where the principal bile pigment is bihrubm (ea 3 mg per 100 ml), 
largely bound to serum albumin Bihverdm is readily reduced to bih* 
rubin, and liver contains an enzjmc sjstem which catalyzes this reduc- 
tion The bihrubm passes from the liver into the gall bladder, and 
thence is secreted as a constituent of the bile into the intestinal tract, 
where it is subjected to further chemical changes to be discussed below 
The hver not only produces bihrubm but also removes it from the blood, 
and the abihtj of tho liver of human subjects to remove injected 
bihrubm from the circulation serves as a useful clinical test of liver 
function (“bihrulun clearance” test) A widely used method for the 
determination of serum bihrubm is based on the reaction of the pigment 
With diazotized sulfanihc acid (van den Bergh reaction) A portion of 
the serum bihrubm does not react with this reagent unless ethanol i** 
added (“indirect” van den Bergh reaction), this has been attributed to 
the fact that the “direct” reaction is given b> the water-soluble glucuro- 
nide of bilirubin, whereas free bihrubm is sparingly soluble in water, and 
ethanol is required to effect the reaction with diazotized sulfamhc acid’* 
It IS probable that the 2 propionic acid groups of bihrubm are involved 
in the conjugation with the uronic acid, and that the diglucuronide is 
formed in the liver b> the reaction of UDP-glucuromc acid (p 537) and 
the bile pigment 

Another color reaction given by bile pigments is the Gmehn reaction, 
treatment of a chloroform solution of bihrubm with nitnc acid containing 
a trace of nitrous acid produces a succession of colors, changing from 
yellow, to green, to blue, to red, and finally to yellow again 

In various types of jaundice, the bihrubm content of human sera maj 
rise to as much as 35 to 50 rag per 100 ml Jaundice may result from an 
excessive rate of hemoglobin breakdown (henioljtic jaundice), from 

Schmid, Sacnce, 124, 76 (1956), B H BiUing et al, Biochem J , 65, 774 
(1057), G M Grodak} and J V Carbone,/ Sioi Chem, 226, 449 (1957) 





876 GENERAL BIOCHEMISTRY 

isotope content of the fecal Btcrcobilin ^as examined after the adminis- 
tration of N^^-glycine to a normal subject, the rapid appearance of 
in the bile pigment \sns obser\'cd However, ns w'lll be seen from Fig 6, 
the isotope concentration decreases rapidly, and does not rise again 



rig 6 2^15 foncentrition of hemm nod of fees) Btercobshn after admim^tratioa of 
Ni5-g!jcine to a normal human subject (From I M London et fll®") 

until the labeled erythrocytes begin to disintegrate The rapid initial 
appearance of isotope m the stereobilin indicates tliat a portion of it 
(about 10 per cent) arises from sources other than the destruction of 
mature erythrocjtes, possibly a portion of the newly formed proto- 
porphjrm (or related porphyrins) is converted directly to bile pigments 
instead of being incorporated into red cell hemoglobin In this connec- 
tion, it 18 of interest tliat m congenital porphyria and in the metabolic 
dysfunction Known as pernicious anemia, wliere there is an abnormality 
m the mechanisms leading to Iicmoglobin synthesis”an even larger part 
of the focal stercobilm is derived from sources other than the mature 
circulating erytlirocv tes 

3=1 M London ct al, / Swl Chem , 184, 351 (1950) 
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obstruction of the outflow of bile (obstructive jiundice), or as a conse- 
quence of liver damage (hepatogenous jaundice) 

The bilirubin secreted into the intestine is subjected to the reductiv e 
action of cnzjme systems present in the intestinal bacteria The first 
product appears to be mesobilirubin, m which the vinjl groups have been 
hydrogenated to etlijl groups, and further succes'-ive enz>mic reduction 
jields mesobilirubinogen and stcrcobilinogcn Dehjdrogenation of 
stercobilinogen b} intestinal bacteria gives stercobilin, which can 
rcadilj be isolated from feces Stercobilin is strongly levorotatory 
([«]d= -3600°) 

The various intermediates in the conversion of bilirubin to stercobilin 
may be partly reabsorbed in the intestinal tract, and returned to the 
liver or excreted in the urine In some diseases, relatively large amounts 
of bile pigments are found m the urine, among these are mesobiliru- 
bmogen, stercobilinogen (urobilinogen), and stercobilin (Z-urobilin) 

In addition to tlie levorotatory stercobilin, an optically inactive bile 
pigment (urobilin IXa, i-urobilin) has been identified in feces It is 
more unstable than stercobilin, in air, urobilin IX« is dehv drogenated 
to form violet and red pigments Furthermore, a dextrorotatory bile 
pigment (d-urobihn,[<i]D *= +5000' ) has been isolated from the feces of 
patients whose intestinal flora had been altered by treatment with anti- 
bacterial agents (aurcomvcin, terramyem) The structure of d-urobihn 
IS unknown, but is believed to be derived from mesobilirubin via a 
d-urobilinogcn The current views about the formation of the various 
bile pigments discussed above are summarized in Fig 5 


Biliverdm BjUrubin — ^ Mesobilirubin 



d-Urobilin Stercobilin Urobilin IXa 

Fig 5 Probable relations among some bile pigments 


The bile pigments in the feces represent the principal excretory end 
products of porphyrin metabolism in normal human subjects When the 
30 P T Lowry et al , J Biol Chem , 208, 543 (1954) 

3’ C J Watson and P T Lowry, J Biol Chem, 218, 633 641 (1956), C H Gra\ 
and D C Nicholson, Nature, 180, 336 (1957) 
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chain 18 believed to be cross-lmkcd by 4 disulfide groups (cf p 132) 
The ammo acid sequence of oxidized ribonuclease (disulfide groups 
converted to sulfonic acid groups) has been partlj elucidated^ Treat- 
ment of ribonuclease \vith 8 M urea does not destroy the enz>mic 
activitj and the protein may be partially cleaved by subtihsm (p 708) 
or bj carboxypeptidase uithout loss of activitj ^ 

The available evidence indicates that, in its action on yeast PNA 
(pH optimum, ca 7 7), crystalline pancreatic ribonuclease is specificallj 
adapted to the hydroljsis of bonds linking the phosphorj’l group of a 
p>rimidinG nuclcosidc-3'-phosphate to the 5'-hydroxyl of an adjacent 
purine or pyrimidine nuclcobide The enzyme acts on synthetic phos- 
phodiesters of undine- or cj tidinc-3'’-phosphate \\ith the intermediate 
formation of cyclic 2',3'-p]iosphatcs (cf p 189), which are further 
cleaved by the enzyme to tlie corresponding nuclcosidc-3'-phospbatc ® As 
shown in the accompanying scheme, the transestenfication reaction lead- 



I^npbodiester of 
I^nioldino taocleoaide 


(^mmldicw n< 2 c)«o«ule 
'phoaphato 


BCdeoaiilo 

S'-pbospbata 


mg to the c>chc phosphate is reversible, for example, ribonuclease 
catalyzes the reaction of cjtidme-2',3'-phosphate with methanol to form 
cjtidine-3'-methj!phosphatc, or with the 6'-hydro\yl of another raokculc 
of itself to form oligonucleotides^ Hence, like other h>droljtic enzymes 
(glycosidases, protemases, etc), ribonuclease catalyzes not onl> hj- 
droljsis, but also transfer or replacement reactions 
When wystallinc ribonuclease acts upon jeast PNA, a portion of the 
nucleic acid is converted to mononucleotides {cytidme-3'-phosphatc and 
uridine-3'-phoa.phate) , a mixture of nondialyzable oligonucleotides pre- 


3C H W Hirs et al J Biol CAem, 221, J51 (1956), R R Redfield and C B 
Anfiasen, rbid, 221, 385 <1956), C B Anfinsen, Ftd^ration Proc, 16, 783 (I9a7) 
■*0 B Anfinson et al, BiochMn et Bwphys Acta, 17, 141 (1955) 

5S M Kalman ct al, Biochtm et Btophys Acta, 16, 297 (1955), G Kalmtsk> 
and W I Rogers, tbid, 20, 378 (1956), 23, 525 (1957) 

« R Markham anti J t> Smith, Btackem J , 52, 552 (1952) , D M BronTi el al , 
J Chem Soc, 1952, 2715 

’LA Heppel ct el, RtocAm 7.60,8(1955). G R Barker etal, 7 Chem Sac 

IOC'? ^ ’ 
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Metabolism 
of Nucleic Acids 


It be recalled that two t\pes of nucleic acid are known These 
are the pentose nucleic acids (PNAI, also teimed ribonucleic acids 
(RNA), and the dcoxj pentose nucleic acids (DNA) The chemical 
structure of the nucleic acids is incomplctelj defined, but thej jield, on 
partial hjdroljsis, nucleotides composed of a nitrogenous base (a purine 
or a pjnmidine), a sugar (ribose or 2-deox\nbo»e), and phosphoric acid 
In the intact nucleic acids, the nucleotides are believed to be linked to 
each other largclj bj moans of phosphorjl residues attached to the 3'- 
liydroxyl of one nucleoside and to the 5'*h\drox>l of another nucleoside 
(cf p 199) to form pol} nucleotides of considerable particle weight 

Enzymic Breakdown and Synthesis of Polynucleotides^ 

Although a large number of cnz>mes ha\e been included in the broad 
group of “nucleases” which act at xanous stages of nucleic acid catabo- 
lism in higher animals, little information is axailable about the physio- 
logical process of degradation of nucleic acids in the mammalian digestue 
tract It IS assumed that, when a ribonucleic acid, such as that of -veast, 
enters the duodenum, it is subjected to the action of the enzyme ribo- 
nuclease, a component of the pancreatic secretion This enzyme was 
discovered m 1920 by Jones, who noted its marked stability to heat 
treatment Jones also show ed that, during the enzy mic action, the nucleic 
acid was degraded without the formation of inorganic phosphate The 
enzyme was obtained in crystalline form by Kunitz,^ it' is a protein of 
relatively small particle weight (ca 14,000) and has an isoelectric point 
of 7 8 Pancreatic ribonucleasc is composed of a single peptide chain of 
124 ammo acid residues (N-terminal lysine, C-terminal valint), the 
Schmidt m E Chargaff and J N Davidson, The hucleic Acid$, Vol I, 
Chapter 15 Academic Press New \ork, 1955 
2M Kumtz J Gen Physxol, 2iy 15 (1940), M R McDonald, »6id, 32, 39 (1948) 
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cham ]«? believed to be cross-linked bj 4 disulfide groups (cf p 132) 
The ammo acid sequence of oxidized nbonuclcase (disulfide groups 
concerted to sulfonic acid groups) has been partly elucidated^ Treat- 
ment of nbonuclcase ^vith 8 M urea does not destroy the enzymic 
activity and the protein may be partially cleaved by subtihsm {p 708) 
or by carboxypeptidase xvitlioufc loss of activity® 

TJie available evidence indicates that, in its action on yeast PXA 
fpH optimum, ca 7 7), crystalline pancreatic nbonuclcase is spccificallj 
adiptcd to the hydrolysis of bonds linking the phosphorjl group of a 
Iivrimidme nucleosidc-S'-phosphate to the S'-hydroxyl of an adjacent 
purine or pjnraidmc nucleoside The enzyme acts on synthetic phos- 
phodiestcrs of undme- or cy tidme-S'-phospliatc Tvith the mtermediate 
formation of cyclic 2',d*'Pbosphatcs (cf p 189), which are further 
cleaved by the enzyme to the corresponding nucleoside-3'-phosphate* As 
shown m the accompanying scheme, the transestenfication reaction lead- 



cf fVnnudine nucleciulc J^funiidicP nodeteul* 

pyruBid\BC BucleMide Z -phwphclc 3 -pbccpixtc 


ing to the cvclic phospiiate is reversible, for example, nbonuclcase 
catalyzes the reaction of cytidme-2',3'-phosphBte with methanol to form 
cyt]dine-3'-methylphosphate, or with the 5'-hydroxjl of another molecule 
of itself to form oligonucleotides ’ Hence, like other hydrolytic enzymes 
(glycosidascs, proteinases, etc), nbonuclcase catalyzes not only hy- 
drolysis, but also transfer or replacement reactions 
When cry&tallme nbonuclcase acts upon yeast PNA, a portion of the 
nucleic acid is converted to mononucleotides (cy tidme-3'-phosphate and 
uridine-3'-phosphate) , a mixture of nondialyzablc oligonucleotides pre- 


H W Hire ct al, 7 Biol CAem, 221, !51 (1956), H R Redfield and C B 
Anfinsen, ifaid, 221, 385 (1956) C B Anfinsen, Federalwn Proc, 16, 783 (19j 7) 
•* C B Anfinsrn et a! , Biochim el Bwpkys Acta, 17, 141 (1955) 
as M Kalman et a!, Biochinj et Btopkys Acta, 16, 207 (1955), G KalmlA} 
and W I Rogers ibid, 20, 378 (1956), 23, 525 (1957) 

« R Markham and J D Smilb, Biochcm J , S2, 552 (1952) , P M Broim et al, 
J Chem Soc , 1932, 2715 

r L A Beppel et aJ , Btochem J,60,8 (1955) . G R Barker eta/, / Cftem Soc^ 
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dommantlj composed of punne nucleotides is also formed ® In its action 
on PNA preparations from swine Iner, ribonuclease gi\es products 
similar to those obtained ^ith jeast PNA Howe\er, the enzjme does 
not appear to hjdroljze the PNA bound in tobacco mosaic virus (the 
separated PNA of the Mrus is clea\cd), nor does it attack PNA prepara- 
tions obtained from pancreas, possiblj because the pancreatic PNA had 
already been partialh degraded bj the ribonuclease present in the tissue 
extract® 

Ribonuclease nctiMtj has been found in manj animal tissues (liver, 
spleen, kidnej, leucoevtes, etc ), in the seeds and leaves of higher plants, 
and in microorganisms Except in a few instances, these enzjmcs have 
not been purified extensivclj, and it is probable that manj of them 
differ in specificit} from cr 3 stalhne pancreatic ribonuclease For exam- 
ple, although beef spleen contains a ribonuclease whose specificity 
resembles that of pancreatic ribonuclease,*® tins tissue also has a phos- 
phodiesterase that can act on esters of both purine and pjnmidine 
nuclcoside-3'-phosphatcs ** Tobacco leaves contain a ribonuclease*® that 
cleaves all the intcrnuclcotide linkages in PNA preparations to form 
pjnmidine nucleosidc-2',3'-phosphatcs (which appear to be resistant to 
the further action of the cnzvmc) and punne nuclcosidc-2',3'-phosphates 
which are hjdroljzcd furtlier to the corresponding 3'-pliosphates 
Crjstallme pancreatic ribonuclease does not cause the degradation 
of DNA preparations, such as those obtained from calf thjmus How- 
ever, DNA IS cleaved bj another enzjrac, also found m the pancreas, 
and named deoxyribonuclease or deso\> ribonuclease (the name “dornase” 
has also been suggested i This en 2 >me, which is extremelj heat-labile, 
was crystallized bj Kunitz In contrast to ribonuclease, deoxyribo- 
nuclease requires the presence of Mg®"*" or Mn2+ for activity Studies 
of the action of crvstallme deoxyribonuclease on calf thymus DNA have 
shown that, as in ribonuclease action on PNA, resistant nondialyzable 
oligonucleotides are formed and that the purme/pynmidine ratio in this 
mixture is higher than in the onginal DNA preparations ** Ion exchange- 
chromatbgraphy has permitted the identification of some of the mono- 
and dinucleotides liberated by the action of pancreatic deoxyribonuclease 

Markham and J D Smith Biochem J, 52, 565 (1952), E Volkm and 
W E Cohn J Biol Chem , 205, 767 (1953) 

®E Volkm and C E Carter, J Am Chem Soc , 73, 1516 (1951) 

S Kaplan and L A Heppel J Btol Chem , 222, 907 (1956) 

A Heppel and P R bitfield Biochem J , 60, 1 (1955) 

'2 M Holden and N Pine Biochem J 60, 39 (1955), R Markham and 
L Strominger, ibid , 64, 46p (19a6) 

13 M Ivunitz J Gen Physiol 33, 349 (1950) 

Zamenhof and E Chargaff J Biol Chem, 186, 207, 187, 1 (1950), W G 
0\erendandM Webb, / Chem Soc, 1950, 2746 



880 GENERAL BIOCHEMISTRY 

on thymus DNA and ^vheai germ DNA, pyrimidine nucleotides appear 
to be liberated to a greater extent than are purine nucleotides Deoxy- 
ribonucleases have been found in various animal tissues {spleen, thymus), 
m plants, and m micioorganisms, these enzymes seem to differ from the 
pancreatic enzyme in se\eral pioperties, including specificity 

Enzymic Dephosphorylation of Nucleotides It i\as noted on p 581 
that intestinal muco=a contains phosphatases of ratlier broad specificity, 
these enzymes hydrolyze, in addition to the usual phospliate monoesters 
(eg, glycerophosplinte), the inononueleotides derived from the nucleic 
acids The action of the intestinal phosphatases is optimal at pH values 
near 9 and requires the presence of Mg-+ Other tissues contain phos- 
phatases that have pH optima near 5 and do not require Mg2+ for their 
action Both the “alkaline” and “acid” phosphatases are able to hy- 
drolyze the 3'-phosphatc bond of mononucleotides derived from PNA or 
DNA by the action of nbonucleases or deoxyribonucleases They also 
dephosjihory late S'-nucleotides such as adcnosme-5'-phosphate In addi- 
tion to these relatively nonspecific phosphatases, nucleotidases arc 
known that specifically hydrolyze nucleoside-3'-pho8plmtcs to nucleo- 
sides and phosphate, these enzymes (3'-nuclootidases) have been found 
m plants^’ Other enzymes spetifitally hydrolyze the phosphate ester 
linkage at the 5' position of a nucleotide, tliey do not act on 3'-nucIeo- 
tides These enzy incs (5'-nuclcotidases) hav e been found in brain, 
retina, prostate, and some snake v'cnoms A 5'-nucleotidase, found m 
bull semen, also dephoaphorydates 5'-deoxyribonuclcotidcs 
Various phosphatases catalyze replacement reactions m which the 
phosphoryl group of suitable phosphate compounds is transferred to 
nucleosides to form nucleotides ^ 

Enzymic Synthesis of Polynucleotides It was mentioned before that 
oligonucleotides can arise by the catalysis of replacement reactions by 
nbonucicaso A different type of replacement reaction, leading to the 
enzymic formation of polynucleotides, has been discovered by Ochoa 
it involves tlie conversion of nuclcosjde-5'-diphosphates to PNA-like 
products The reaction is icadily reversible, and the polynucleoiides arc 

J5R L Sinshtimor, y Buyl Chem 208,445(1954), M E HodesandE Chargaff, 
Biochxm it Biopkyi Ada, 22, 348, 361 (1956) 

Privat dc G-irilhe and M Uvkowski, J Biol Chrm, 215, 269 (1955). 
S F Koerntraad R L Sinshcimer, tbid , 228, 1039 1019 (1957) 
bhiislci and N 0 KapUn / Btol Ckem, 201, 535 (1953) 

^ J lIilBjoe.y Biol Chem, 188, 665 (1951) 

.ftS ? 5oc, 73. 1537 (1951) 

-OQ BmNerman nnd E Chargaef. Bioehtm el Biopkys Acta, 16, 624 (1955) 

-iS Ochov rederation Proc, IS, 832 (1066), M Grunberg-Manago et al, Bio- 
c)um ct Biophys jicla, 20, 269 (1956). D O Brummond et nl, / Btol Chem. 
225, 835 (1957). U Z Litlaucr and A Kombej^, ibid, 226, 1077 (1957) 
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dominantly composed of purine nucleotides is also formed ® In its action 
on PNA preparations from sviinc li\er, nbonuclease gnes products 
similar to those obtained i\ith yeast PNA However, the enzyme does 
not appear to hydrolvze the PNA bound in tobacco mosaic virus (the 
separated PNA of the \irus is cleaaed), nor does it attack PNA prepara- 
tions obtained from pancreas, posisibly because the pancreatic PNA had 
already been partially degraded by the nbonuclease present in the tissue 
extract® 

Ribonuclease actnity has been found m many animal tissues (h\cr, 
spleen, kidney, leucocytes, etc ), in the seeds and leaves of higher plants, 
and in microorganisms Except in a fen instances, these enzymes have 
not been purified cx-tcnsuely, and it is probable that many of them 
differ in specificity from crystalline pancreatic ribonuclease For exam- 
ple, although beef spleen contains a nbonuclease who'^e specificity 
resembles that of pancreatic nbonuclease,’® this tissue also has a phos- 
phodiesterase that can act on c^te^s of both purine and pyrimidine 
nucleoside-3'-phosphatcs “ Tobacco leaves contain a nbonuclease’® that 
cleaves all the internucieotidc linkages in PNA preparations to form 
pyrimidine nucleoside-2',3'-pliosphates (which appear to be resistant to 
the further action of the enzyme) and purine nucIcosidc-2',3'-phosphates 
which are hydrolyzed further to the corresponding 3'-phosphates 
Crystalline pancreatic nbonuclease docs not cause the degradation 
of DNA preparations, such as those obtained from calf thymus How- 
ever, DNA IS cleaved by another enzyme, also found in the pancreas, 
and named deoxyribonuclease or dcsoxynbonucleasc (the name “dornase” 
has also been suggested) This enzyme, which is extremely heat-labile, 
was crystallized by Kumtz In contrast to nbonuclease, deoxyribo- 
nuclease requires the presence of Mg“+ or for activity Studies 

of the action of crystalline deoxyribonuclease on calf thymus DNA have 
shown that, as in ribonuclease action on PNA, resistant nondialyzablc 
oligonucleotides are formed and that the purine/pynmidme ratio in this 
mixture is higher than in the original DNA preparations “ Ion exchange- 
chromatbgraphy has permitted the identification of some of the mono- 
and dinucleotides liberated by the action of pancreatm deoxyribonuclease 
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An enzjrac preparation has been obtained from Eschenchia coh which 
catalyzes the conversion of mixtures of deox>nbonucleo5idc-5Mnphos- 
phates to poljmera that resemble DNA preparations from biological 
sources in their stabilitj to alkali (cf p 192) and clea\agc bj pancreatic 
deoxjnbonuclease-^ For the polymerization to occur, ATP and a frag- 
ment derived from E coh DKA were required, the latter is thought to 
act as a “primer” in the reaction The best jield of polynucleotide nas 
obtained when a mixture of the 5'-tnphosphates of four dcoxjnbonucleo- 
sides (thjraidine, dcoxj'adenosine, deoxyguanosme, deo'^cjtidme) was 
employed 

Although much remains to be learned about the mechanism of action 
and the biological role of the bacterial enzjme systems that can form 
polynucleotides resembling PKA and DNA, it is clear that the important 
discov'enes of Ochoa and of Kornberg have opened new lines of expen- 
menta! study of the biosynthesis of nucleic acids (cf p 900) 

Enzymic intereonversion of Nucieohdes Several enzymes are known 
to catalyze transphosphorydation reactions between a nucleosjde-5'- 
phosphato and a nucIcoside-5 -triphosphate to form nucleosidc-o'-diphos- 
phates Thus enzyme preparations from yeast and from liver*^ effect a 
variety of reactions such as the following 
Adenosme-5"-P -!- uridine-5 -P-P-P 

Adenosme-5'-P-P -f undine-S'-P-P 
Uridjne-5'-P 4- adenosine-5'-P-P-P^ 

Undine-5'-P-P -f adenosine-S'-P-P 
Uridine-5'~P -f- undme-o'-P-P-P 2 Undinc-5'-P-P 

Similar transpho'phory lation reactions are effected with nucleotides of 
guanosinc and cytosine Clearly, the presence of such enzymes makes 
possible the synthesis of various nuclcoside-5'-diphosphates from the 
corresponding nucleotide in a reaction with ATP Sheep brain and liver 
contain an enzyme that catalyzes the reaction 
4denosine-5'-P 4- inosme-o'-P-P-P 

Adenosme-5'-P-P 4- mosioe-o'-P-P 

The enzymes discussed above are different from the myokinase of muscle 
and yeast, which is specific for the reaction A^^P -f -VTP 5=^ 2ADP 
(p 459) Mention w as made prev lously (p 461) of a widely distributed 
enzyme (nucleoside diphosphate kinase) that catalyzes reversible trans- 

Koraberg et a! Btochtm et Bwphys Acta, 21, 197 (1956) 

Liebcrman ct al J Bwl Chem 215, 429 (1955), J L Stromioger et aU 
Arch Biochem and Biophys , 52, 488 (1054) 

“HA Krebs and R Hems Buichem 61, 435 {1955) 
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clea^ed m tlie presence of inorganic phosphate to regenerate the nucleo- 
side-5'-diphosphntcs, tlie enzMiic respon'^iblc for its cataljsis is named 
polj nucleotide plio'phorj la^^o The enzMiic has been found m ^arlous 
bacteria, and Im*! been partiall> puiificd from izotobocter vinelaridu, 
Fschcricha coli, and '\F\crococcu\ lyi>odcikticu^, onl\ weak cnz\mic ac- 
tnitj lias been ob>-er\cd in Ma-'t md higher plants Tiic occurrence of 
a poh nucleotide plu)sphor\ 1 1 'l in animal tissues is suggested bj the 
finding that an enzMiie prcparition from rit luer nuclei causes the phos- 
phorohsis of a pol^ nucleotidt (preparcil from adenosme-5'-diphosphate 
b} means of the 1 I'lne/andu tnzMiie) to ADP -- 

The reaction catahzed b\ pol> nucleotide phosphora last niaj be 
aaritten as follows 

n[X— R— P— PI [\— R— P]„ + nP 

where X is a purine or pariimdmc bisc (adenine, guanine, h\po\nnthine, 
uracil, or catosinc), R is nbo'^e ind P i'' phosphate \Mien a nii\ture 
of nucleoside-5'-dipho?phate>. i-^ incubitcd with the cnzMiie preparation, 
the resulting poh nucleotide matern! contains all the nitrogenous bases 
Used The pohmcnc product" formed hue aaerigc particle weights of 
SO, 000 to 350,000, thea are cleaacd bj alkali to giae equimolar amounts 
of nuclcoside-2'- and 3'-phosphatcs (cf p 189), and ba snake acnom 
phosphodiesterase to jield nutlcosidc-5'-phos]>hates Pancreatic nbonu- 
clease acts on the polamcrs derned from a pjrjinidine nucleosidc-5'- 
diphospliate to liberate the appropriate nuclcoside-3'»pliosphate (cf p 
878) These aarious findings clearla indicate the presence of 3',5'“ 
phosphodiester linkages in the polamcrs, as m the PNA. preparations 
i-olated from biologic il sources 

It will be noted that the reaction catalyzed ba poh nucleotide phos- 
phor} lase is smiil ir to that ctTected ba tlic poh saccharide phosphor} lases, 
uhich citahzc the reaer^ible pbosphoroh sis of ghcogen and starch to 
glucosc-l-phosphatc (cf p 442) An analogous poh mcrization reaction 
IS also catah zed ba the proteinase cathcpsin C (cf p 717) The action 
of pol} nucleotide phosplior} Insc ajipcars to ina oh e the addition of mono- 
nucleotide units to a growing oligonucleotide chain, in analog} to the 
action of the poh saccharide phosphora lascs and of cathepsin C Tlie dis- 
coaer} of poh nucleotide phosphor} lase raises the question whetlier it 
IS inaohed in the intracellular biosanthtsis of PNA molecules, further 
studies are needed before the biological role of this enz}me can be 
adequatcl} assessed It should be added, howeaer, that the nucleoside- 
o'-diphosphates needed as substrates haae been identified as cellular 
constituents, and enzamic reactions are known for their formation 

"-R J Hilmoc and L \ HeppcI J Am Ckem Soc 79, 4S10 (1957) 




A-0'R>bose-l-p}tosph3t« 

figuration about this carbon atom The enzjme does not act on 
pjnmidine nucleosides, and has therefore been named “punne nucleoside 
phosphor) lase ” Ho\\c\er, among its substrates appear to be the nbo- 
Sides of 5-ammoiraida2ole-4-carbaxamidc (p 888) and of mcotmamide 
(p 308) Furthermore, punne dcoxjnbonuclcosidcs (e g , hypoxanthine 
dcoxynbosidc) are also clcn%ed m a similar manner to form the punne 
and deoxynbose-l-phosphnte The equilibrium in most of the reactions 
cataijzed b> this enz>ine is such as to fa\or the syntliesis of the nucleo- 
side, this IS 'malogou'* to the result found v,iih crjstalline muscle phos- 
phorjlase (cf p 441) 

A phosphGrvlii-,e specific for thymidine and deovj undine fth)inidme 
phosphor) hsc > Ins been prepared from horse liver, and a undme phos- 
phoiyiase ha^ been obtained from EscheneJna coh In addition to these 
punne and p)nmidme nucleoside phosphor) lases, there appear to be s 
\ariet\ of microbial cnzjmes that catal)ze the h)drol)tic cleavage of 
nucleosides’® Bacteria also contain enzjmes that catalyze the transfer 
of a deox)nbosyi group from deoxynbonucleosides to some purines and 
pyrimidines 

As will be seen from the subsequent discussion (cf p 898), m the 
bios)nthesis of the purines and p)rimidmes of nucleic acids, an important 
cnz)mic reaction is the reversal of the cleavage, b) pjrophosphate, of 
t le g ) cosidic bond m a \ anety of nuclcoside-S'-phosphates to form the 
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phosphorylation reactions such as 
Inos:ne-5'-P-P + adenosme-6'-P-P-P ^ 

Inosme-5'-P-P-P + adenosine-5'-P-P 
Uridme-5'-P-P + adenosme-5'-P-P-P ;::± 

Uridme-5'-P-P-P + adenosine-5'-P-P 

It IS probable that similar enz\mic interconversions occur uith the 
deoxyribonucleoside-5'-phosphates, and that pol> phosphates can be 
formed bj reactions of appropriate nucleotides with ATP Since ATP 
is generated bj oxidatne phosphorjhtion, the energy required for the 
biosjnthesis of polj nucleotides from nucleoside di- and triphosphates is 
probably transferred by ATP from the respiratory chain of electron 
transport to the synthesis of PISA and DNA^® 

Not only nuckotides but also nucleosides can participate in enzjmic 
transphosphorylation reactions involving ATP Thus jeast and mam- 
malian tissues contain cnzjmcs that cataljze the reaction 

Adenosine + ATP Adcnosinc-6'-phosphate -j- ADP 

In addition to the enzymic transphosphorylation reactions of nucleo- 
side-5'-dipliosphatcs, the specific hjdrolysis of inosine-5'-diphosphatc, 
guanosinc-5'-diphosphatc, and undmc-S'-diphosphate is effected by an 
enzjme present in h\cr mitochondria, with the formation of the corre- 
sponding nucIcoside-5'-monophosphates The enz>me appears to be 
inactive toward the 5'*diphosphatcs of adenosine and cjtidinc-® 
Cleavage and Synthesis of N-Glycosidic Bonds It has long been 
known that some of the nucleosides derived from nucleic acids are 
readilj cleaved bj extracts of animal tissues to jield a purine {or 
pyrimidine) and the component sugar Although it w'as first thought 
that this cleavage was a hjdroljtic one, studies by Kalckar-’’ demon- 
strated that, with inosinc and guanosme as substrates, the reaction is 
a phosphoroljsis, as shown in the scheme on page 884 The enzjme 
which catalyzes the reaction has been purified extensivelj from beef 
Iiver,^'’ and acts on a variety of punne nucleosides with the formation 
of the purine and of a-o-ribose-l-phosphate®^ Since the purine nucleo- 
sides derived from nucleic acids have the j8-configuration about carbon 1 
of the nbosyl group, the enzjmic action involves an inversion of con- 

Herbert and V R Potter, J Biol Chem, 222, 453 (1956) 

A Komberg and VV E Pricer Jr J Btol Chem, 193, 481 (1951) 
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^hich catalyze the deamination of guanine to xanthine, ha\e been 
identified in the tissues of higher animals,'*® and adcnase activity has 
been found in microorganisms and invertebrates, enzjmes for the 
deamination of free adenine to hypoxanthine appear to be absent from 
maroraahan tissues If adenine is administered to rats or dogs in large 
doses (ca 500 mg per kg of body weight), appreciable amounts of 2,8- 
dio\yadenine are deposited m the kidncj tubules Isotope studies** have 
shonn that the dioxj compound is derived directlj from adenine, this 


N \ 

■ 

H 

Adenm« 


NH, 

I 


\ 


N’ 

H H 

3,fi*Diotyadciuae 


finding indicates the biological occurrence of an oxidation process 
analogous to the metabolic oxidation of hjpoxanthme to uric acid by 
vanthine oxidase In tlie formation of 2,8-dioxyadenme, houever, the 
major intermediate is 8-o\j adenine 

Although adenine does not appear to be con\erted directly to 
hypoxanthmc in mammalian tissues, they contain enzjmcs for the 
deamination of adenosine to inosine (adenosine deaminase*^) and of 
ndenosme-5''phosphate to inosine-5'-phosphate (adcn>lic deaminase**) 
The hvpoxanthine resulting from the cicaiage of these products can 
then be oxidircd to uric acid Similar purine deaminases are present 
m microorganisms, for example, an enzyme preparation from Aspergillus 
oryzae can deammate adenosine as well as a variety of adenine 
nucleotides** 

The pjnniidine cytosine is doaminatcd to uracil by extracts of yeast 
and of Escherichia coh*^ and cytidme is converted to undine by an 
enzjme (ejtuiinc deaminase) found in animal tissues and in bacteria 
The cnzjmie deamination of c>tosinc dcoxyriboside has also been 
demonstrated *® The cleavage of these deaminated nucleosides yields 
uracil, uhose further metabolic breakdown js discussed on p 899 
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nitrogenous base and 5-phosphonbosjl-l-pjiopliosphate This re\ersible 
reaction N\as disco\ered bj Kornberg et al and the enzjrae (nuclcotide- 
I'-pj rophosphorj hse) that catalj zes it has been obtained from j east and 
luer Although the configuration about carbon 1 of the sugar pyro- 
phosphate has not been determined, it is probablj a, m analogj to the 
nucleoside phosphor}hse reaction 5-Phosphoribos>I-l-p>rophosphato 
can arise bj the enz 5 ine-catal>zcd transfer of a p\rophosphor 5 l group 
from ATP to nbose-5-phosphatc, thus permitting tlie entrance of this 
intermediate of carbolndratc metabolism into tlie sequence of reactions 
leading to the biosjnthcsis of nucleic acids Furthermore, the reversible 
conversion of nbose-5-pho»phalt to nbosc-l-phoiphate (p 627) can 
prov ide the sugar phosphate needed for tlie action of punne nucleoside 
phosphorv lase 

The possibiht} exists that the cleavage and formation of gljcosidic 
bonds occurs not onij for the nucleosides and nucleotides, as discussed 
above, but also for polj nucleotides, since isotope studies have suggested 
that purines of intact nucleic acids ma> be replaced m transgljcosida- 
tion reactions (cf p 901) In this connection, it is of interest that 
Hemophilus influenzae forms a capsular polv saccharide uhich appears 
to be a poljribose phosphate with 3',5'-phosphodiester bonds between 
the sugar units, two such pol>ribose phosphate chains arc thought to be 
linked to each other bj I,l-gI>cosidic bonds®'* 

Deaminotion of Purine and Pyrimidine Derivatives It will be recalled 
that the principal end product of punne metabolism in man is uric acid, 
in most other mammals, uric acid is converted to alhntoin, and, in fishes, 
allantoin undergoes cleavage to gljoxjhc acid and urea (p 857) Uric 
acid IS the product of the oxidation of hjpoxnnthine and of xanthine 
(p 855) by xanthine oxidase Examination of their formulae will show 
that hjpoxanthinc and xanthine are the products of the h>drolytic 
deamination of adenine and of guanine respectively Although guanases, 

38 A Kornberg et ol , J Biol CAcm, 215, 389 403 417 (1955) 

38 S / imenhof et a\,J Biol Chem , 203, 695 (1953) 
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that a h>po\anthine nucleotjde (eg, inosine*5'>p]iospIute) is the pre- 
cursor of the purine nucleotides of PNA 

In the search for internicdmles in the biosjnthesis of hypoxanthinc, a 
(^l5Co^er•^ made m bacterial systems pro%cd to be of importance When 
the grontli of certain strains of Esckenchta colt is inhibited bj a member 
of the sulfonamide group of antibiotics (eg, suif<athiazo!e), there 
actumulates in the medium a compound identified as 5-aminonmdazoIe- 

4- carbox amide Since the production of this compound bj E cohv,tis 
stimulated bj the addition of glycine to the culture medium/^ it Tvas 
auggcbtcd that 5-ammo}mida2ole-4-carboxamide may bo con\erted to 
hjpoxanthinc in biological systems Indeed, it has been obsened that 
the imidazole dernatne can sene as a source of purines for mutant 
strains of several microorganisms that require for growth an exogenous 
sourte of these nitiogcnous bases For one such mutant of E cob, 

5- formammoimidazoIc'4-carbo\amidc is twice ns cffcctnc as the 5-amino 
compound 

Subseauent studies siiowed that the imidazole dernatue found m the 
culture fluid of sulfonamide-trcated E coh is probablj fonned bj cleav- 
age of the riboside, wluch has been isolated from such fiiiids Presuma- 
bly, the extracellular riboside w as dern ed from the corresponding nbotide 
(formula shown) by the action of a phosphatase The riboside has been 


0 

I! 

(I* 2CH 

HjN N — nbose-5 -phosphate 
6>Amii)0umda«>le-4'C«iiK>xjniitl^ nboCide 


converted to the iibotide by phosphorylation with ATP m the presence 
of a yeast o\tr ict 

Although pigeon liver homogenates can convert 5-aminoimidazole“4- 
carboxamide to hj poxanthine, isotope studies*® indicated that the free 
imidazole compound is not a normal intermediate in the biosynthesis of 
purines, and that it probablj is first converted to its ribotide Further- 
more, experiments with enzjnie systems extracted from pigeon liver 
showed that inosme-fi'-phosphato is the first purine compound formed, 
and that hjpoxanthine is liberated bj subsequent breakdown of the 
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Metabolism of Purines 

Before the introduction of the isotope technique for the studj of 
metabolic procesbes, little information was a\ailnble about the bio- 
chemical pathways in the synthesis of the nitrogenous bases of the nucleic 
acids It had long been knonn that most animals do not require an 
exogenous source of the constituent purines or pjrimidines, and it ^as 
clear, therefore, that these heterocjclic structures are synthesized in the 
animal body at a rate commensurate uith the needs of the organism 
From the isotope studies of Barnes and Schocnheimer,*''^ it became exident 
that dietary ammonia nitrogen is readily utilized for the syn- 
thesis of the purines and pyrimidines of the nucleic acids m rat tissues 
Subsequent experiments demonstrated that the carbon atoms of these 
nitrogenous bases are also denied, in animals, from simple carbon 
compounds (CO 2 . glycine, “formate”) Some microorganisms, ho%\e\er, 
require an exogenous source of purines or pyrimidines (or denxatixes 
of these compounds) for normal growth 
Biosynthesis of Purines^® It was noted on p 854 tliat uric acid is 
derived, in mammals and in birds, from glycine, COo, “formate,” the 
nitrogen of aspartic acid, and the amide nitrogen of glutamine Since 
uric acid was known to be the product of the direct oxidation of 
hypoxanthine, the biosynthesis of the latter was investigated Studies 
with homogenates of pigeon liver (which contains little xanthine oxidase) 
have shown that hypoxanthine is synthesized in this tissue, and that the 
purine ring is derived from the simple precursors listed above for uric 
acid Analogous studies with mammals (e g , rats) and microorganisms 
(e g , yeast) have indicated that the compounds that provide the carbon 
and nitrogen atoms of uric acid and of hypoxanthine also are precursors 
of the purine rings of the guanine and adenine in nucleic acids The 
conclusion was inescapable, theiefore, that the various purines have a 
common precursor in their biosynthesis from small fragments It was 
thought for a time that hypoxanthine may be derived, more or less 
directly, from such a precursor and may be converted, by amination, 
to adenine However, hypoxanthine itself was found to be a poor pre- 
cursor of nucleic acid purines in the rat,*^ and this made it probable 
F tv Barnes Jr and R Schoenheimer J Biol Chem 151, 123 (1943) 

P Reichard, in E Chargaff and J N Da\id^OQ, The Nucleic Acids, Vol II, 
Chapter 23 Academic Press New \ork,, 1955 
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^®R Abrams et a! J Biol Chem, 173, 429 (1948), M R Heinrich and D V\ 
Wilson ibid, 186, 447 (19o0) 
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fl0 3 Probable pathnaj of purtne bic«>Tjthesis in pigeon liver 


to bo derned from (be amide nitrogen of glutamine Evidence has been 
presented for the rc-iction of 5-pliobplionbosyJ-l-pjrophosphate (PRPF) 
niti gmtnm!n<, in tlie prc&cnce of enzymes of a pigeon Ii\er extract, 
to jjcd o-phosphoribosylammc, glutamic acid, and p>;vrophosphale*® 
zaserine Ip 57}, nhich inhibits punne biosynthesis, is a neah com- 
petitne mtagonist of glutamine in this reaction In the next step of 
purine sjnthc'.is, S-phosphonhosylammc is converted to glycmamide 
^ ^ j \^^^^^^‘^^^"^'P^‘°®P^o*^bofurano‘*jIamine) by an enz>mic process 
in v\ nc gljcmc tthe source of carbons 4 and 5 and nitrogen 7 of the 
purine ring} is added, ATP is required for this process, and is cfeaxed 
o and phospliate Glj cmanndc nbotide has been isolated from 
ineubatjon mixtures containing pigeon hxer enz>ines, gbcinc, glutamine, 
ri ose-o~p losphate, and ATP The fonnation of glycmainide nbotide 
\ ^ CAm, 1122, 1051 (1956) 
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nucleotide®^ (Fig 1) Such sj stems catalyze the transfer of a formyl 
group to 5-ammoimidazole-4-carbo\aimde ribotide, and the ring closure 
to jield mosme-5'-phosphate (Fig 2) It is assumed that in this enzjme- 
cataKzed con^c^slon, \\hich is reversible, an intermediate 5-fonnamino- 
imidazolc-4-carboxaraide ribotide is fonned The formulation reaction 
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Fig 1 EDzjmie intercom er«ion of hjpoxnnthine and 5-aminoimjdarole-4-carbox- 
amide 


involves the obligator} participation of a fohc acid compound (denoted 
CoF in Fig 2) vhicli maj be 5,6,7,8-tetrahjdroptcro>I-L-gIutamic 
acid'® (p 775) Tlie pigton liver enzjmcs tint catalyze the conversion 
of the imidazole ribotide to inosinc-S'-pliosphate have not been purified 
extensiv ely 

The finding of the requirement for a fohc acid compound as a cofactor 
in the formylation re iction has led to the suggestion that the accumu- 
lation of 5-aminoimidazoIe-4-carboximidc ribotide in sulfonamide- 
inhibited E coh is a consequence of the inhibition of the synthesis of 
the p-aminobenzoic acid portion of the cofactor (cf p 260) It may 
also be noted that the formylation reaction leads to the introduction of 
carbon 2 of the purine ring, isotope studies had previously shown that 
this atom was derived from Ci units related to formate 
The biosynthesis of 5-aminoimidazole-4-carboxamide ribotide by 
pigeon liver extracts has been elucidated in large part by Greenberg, 
Buchanan, and their associates Their work has provided excellent 
evidence for the occurrence of most of the reactions given in Fig 2, 
m general, the results of the enzjmic studies have been concordant with 
the data on the labeling of purines by isotopic precursors 
The sequence of reactions may be said to begin with the introduction 
of nitrogen 9 of the purine ring, isotope experiments showed this atom 
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that ln^ohcs the participation of i.-a‘«partic acid and the intermediate 
foimation of adcnylosuccmic acid,®® this intermediate is clea\ed b> the 
cnzjme adenvlosuccinasc to Mcld adenosme-S'-phosphate and fnmanc 
acid It will be noted tJiat L-as>partic acid participates in the formation 
of adcnosme-5'“phosp)iatc and of 5-ammoimidazolo-4-carbo\amide nbo- 
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Fumanc aad 
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tide in a manner similar to its role m the conversion of citrulime to 
argmme (cf p 851) The formation of adenylosuccmic acid from 
inoMnc-S'-phosphate requires gimnosinc Inphospliatc as a cofactor®® 

It 18 probable that a similar process is operative m the formation 
of adenQsme-5'-pho‘5phatc in animal tissues Adcnylosuccmic atid and 
the corresponding punne {6-succinylarainopurmc) have been found in 
mammalian Incr/’^ and enzyme preparations from rabbit bone marrow 
and from pigeon ii\ci effect the ammation of mosinc-S'-phosphate in the 
presence of aspartic acid and a source of nucleotide tnpliosphatc 
These tissue preparations also contain enzymes for the conversion of 
mosine^S'-phospliate to gunnosme-5'-phosphate, inosinc-5'“phosphate is 


In 03 ine- 

B'-phosphate 


X«QtlKi(in«-6'*'pl)oepl(at« 


CuaBMine-B -plwsplwt* 



oxidized bj DPN+ to xanthosme-S'-phosphatc, which is animated m a 
reaction that requires i -glutamic acid (or L-glutammc), ATP, and Mg”"*" 
^ome microorganisms {Aerobacter aeragenes, E coh) also contain a 
DPN-dopendrnl dehydrogenase which converts inosine-S'-phosphatc to 
\anthosmc>5'-phosphatc,®® and an ATP-dependent enzyme system which 
cfTects the ammation reaction to form guanosine*5' -phosphate^® It 
should be added that the conversion of exogenous xanthine or guanine 
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IS followed by its formylation (cf Fig 2) in an enzymic reaction ^hich 
invohes the participation of a folic acid compound This step, ^hich 
leads to the introduction of carbon 8 of the purine ring, is thus analogous 
to the formylation reaction b> tv Inch carbon 2 is introduced, and the 
same folic acid cofactor ma\ be imohed in both reactions 
Since nitrogen 3 of the punne ring has been shown bj isotope data 
to be derived from the amide nitrogen of glutamine, it has been lijpoth- 
esized that 5-aminoimidazole ribotidc is formed as the next component 
in the biosjnthctic pathuaj Direct evidence for the mteimednte 
formation of this ribotide b\ pigeon liver has come from tlie isolation 
of the compound from incubvtion mixtures, and the demonstration that 
it arises from formjlghcinamide nbotide via formylgljcinamidme 
ribotidc In the biosynthesis of the last named compound, the C=0 
group of formylgly cmamidc nbotide is converted to a C=NH group, the 
nitrogen coming from the amide group of glutamine, azaserine and 
6*diazo-5-kct0'L-norleucme compete strongly witli glutamine in this 

0 NH2 

II I 

NjCHj-C— CHj— CH.— CH-COOH 

4-Di«to>5>keto>unorl«uciDe 

reaction 5-Aminoimidazolc nbotide is converted to 5‘ammoimidazole- 
4-carboxamide nbotide in a process that requires ATP, and involves the 
participation of COo (known to be a source of carbon 6 of the punne 
ring) and of aspartic acid (which donates nitrogen 1) It is probable 
that, after the addition of CO 2 , an intermediate 5-ammoimid'izoIe-4- 
(N-succinylocarboxamidc) nbotide is formed, and is cleaved by adenylo- 
succinase to 5-aminoimidazoIc-4-carboxamide nbotide and fumanc acid,®^ 
as shown in Fig 2 The conversion of 5-aminoimidazole--4-carboxamide 
nbotide to inosine-5'-phosphate was discussed above 
It IS of interest that some features of the biosynthetic scheme for the 
formation of the punne ring appear to apply to the biosynthesis of the 
isoalloxizine ring of riboflavin (cf p 985) and of the ptendine ring of 
the folic acid compounds (cf p 1000) 

As mentioned previously, the pattern of isotopic labeling of the 
adenine and guanine of tissue nucleic acids was found to be the same 
as in uric acid (derived from hypoxanthme), indicating that inosine- 
5'-phosphatc, or an immediate precursor such as 5-aminoimidazoIe.4- 
carboxamide nbotide,®^ is converted to adenosine-5'-phosphate and to 
guanosine-5'-phosphate The enzymic conversion of inosine-5'-phosphate 
to adenosine-5'-phosphate is effected by extracts of E coli m a process 

®2B Levenberg et al J Biol Chem, 224, 1005 1019 , 225, 163 (1957) 
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in the same positions {1 and 3) as the dietary adenme, it follows that 
a major portion of the punnc ring was utilized for the synthesis of 
guanmc from ademnc It will be noted from Table 1 that, under the 
conditions of this experiment, extenane degradation of the dietary 
adenine to allantoin had occurred, presumablj \ia uric acid 
It IS of interest that 2,G-diaminopunne is an excellent precursor of 
nucleic acid guanine in the xat,’® but it is not known whether xanthosine- 
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5'-phosphatc is an obligatory intennediale in this conversion Another 
purine which might be derived from adenme is isoguanine, however, this 
compound is not used bj the rat for guanine formation 
Metabolic Breakdown of Purines It was seen before that, m animals, 
purines are oxidized to unc acid, which ma> be excreted unchanged, or 
mav be further degraded to allantoin, or to glyox>]ic acid and urea 
fp 857) In some microorganisms (eg, Pseudomonas) purines also 
appear to be broken down via aliantom to gljoxylic acid and urta, the 
gl>oxjhc acid is converted to oxalic acid, and urea is hjdroljzed to 
COo and NH3, With anaerobic bacteria such as Clostridium acidi* 
unci or Clostridium cyhndrosporum, that utilize purines (unc acid, 
guanine, xanthine, hypoxantbinc) is the sole source of carbon and 
nitrogen, and that derive energy from the fermentation of these purmes, 
the products are NH3, CO2, HCOOH, CH3COOH, and gljcine^ From 
studies of the fate of labeled punnes and by the identification of inter* 
mediates formed m cell-free extracts, it has been shown that the pathwaj 
of purine breakdown by these Clostndia is probably that given in 
Fig 3 In the presence of mctal-binding agents, extracts of Cl cylin- 
drosporum convert xanthine to 5-ureidoiraidazo)e-4-carbox>hc acid, 
metal ions or Fe-+) are reciuired for the further enzjmic con- 

version of this product to 5-arainoiaiidazole-4-carbox>hc acid Decar- 
boxylation gives rise to 5-aminoimidazole, which is then cleaved to 
formiminoglycine In the presence of a fohe acid cofaetor, formunmo- 
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to nucleic acid adenine, kno\;n to occur in these organisms, does not 
appear to proceed bj a ^e^e^s'll of the above reactions 

A mutant strain of Aerobacter aerogenes, which requires either guanine 
or 2,6-diaminopurine for growth, cannot convert adenine to guanine, but 
can use exogenous guanine to make adenine, in this mutant, the conver- 
sion of xanthosine-5'-phosphate to guanosme-5'-phosphate is blocked, 
and xanthine accumulates in the culture fluid Such a metabolic block 
may also be present in the protozoan Tetrahymena gelii, which is one 
of the organisms that require an exogenous source of purines for growdh, 
it grows in the presence of guanine or of guanine derivatives, but cannot 
use adenine as the sole source of purine Nevertheless, the addition of 
adenine to a medium containing guanine spares the guanine require- 
ments,'^- it appears, therefore that, for the protozoan, guanine serves as 
a precursor of nucleic acid adenine as well as guanine However, the 
reverse relationship does not hold, since the organism incorporates 
supplied as adenine-8-C*'* onI> into the nucleic acid adenine, but not 
into the guanine''^ 

Various biological forms differ in their abiht> to intcrconvcrt adenine 
and guanine Thus, when N*®-Iabclcd guan>lic acid was administered 
to rats, the isotope appeared in the guanine of the tissue PNA, but onlj 
traces of the label were found in the adenine On the other hand, the 
administration of N^*-label(d adcn>lic acid caused appreciable labeling 
of both the adenine and guanine of the tissue PNA Furthermore, if 
isotopic adenine (labeled with N’® in positions 1 and 3 of the purine ring) 
IS fed to rats, the label is found m both the adenine and guanine of the 
tissue nucleic acids"’’® (Table I) Since the isolated guanine was labeled 

Table I Utiliiation of Isotopic Adenine by the Raf^® 


Compound 

Dietarj adenine 

Ademne isolated from tissue nucleic acids 
Guamne isolated from tissue nucleic acids 
Pyrimidines isolated from tissue nucleic acids 
Adenosine triphosphate (from muscle) 

Urinary allantom 
Urinary ammonia 
Unnarj urea 


N'® Concen- 
tration, 
atom per 
cent excess 
6 29 
0 857 

0 513 
0 00 
0 161 

1 70 
0 02 
0 018 


Per Cent of 
Compound 
Denv ed from 
Dietary 
Adenine 

13 7 
8 2 
0 

2 6 
27 0 
0 32 
0 29 


E Balls et al J Biol CAem, 219, 917 (1956) 

G W Ividder and V C Dewev J Bwl Chem , 179, 181 (1919) 
FlaMn and S Graff J Biol Chem 192, 485 (1951) 


896 GENERAL BIOCHEMISTRY 

IS fed, apprccmble isotope incorporation docs not occur, largelj because 
the pyrimidines are rapidly broken don.n in the Iner (p 899) In the 
search for metabolic precursors of the pyrimidine nucleus, important 
infonnation came from studies^* on a number of mutant strains of 
Neurospora v,hieh require, for growth, the nucleoside undine, several of 
these mutants can use, in place of undine, oxaloacetic acid or the pyrimi- 
dine orotic acid f4-carboxy uracil) found naturally m milk Orotic acid 
also IS a growth factor for Laciobaciltus bulgancus 09, if C^^-Iabeled 
orotic acid is provided in the medium, the isotope appears in the 
uridme-5'-phosphate and cytidinc-5'-phosphate of the baetenal nucleic 
acids, but not in tlie adenme or guanine^ Labeled carbamyl-t-aspartic 
acid lureidosucemic acid) also is utilized by L bufpancus for pyrimidine 
synthesis, and 4,5-dihydroorotic acid can replace orotic acid as a growth 
factor for this organism The formulae of these compounds are given 
m Fig 4 

Orotic acid is utilised for pyriroidmc synthesis m animal tissues, since 
tlie administration of N*®- or C*‘*-labelcd orotic acid to rats leads to 
the appearance of the isotope in the cytosine and uracil of the tissue 
nucleic acids, but not in the purinca As w ill be seen from the following 
discussion, the biosynthesis of pyrimidines appears to follow a similar 
pathway in higher animals and in a variety of microorganisms 
The recognition of the enzymic mechanisms in the mterconversion of 
orotic acid, dihy droorotic acid, and carbamyl-L-aspartic acid came from 
studies with a soil bacillus iZymobactenum oroticum) that fements 
orotic acid From this organism, an enzyme preparation was obtained 
which catalvzcs the reversible reaction between orotic acid and DPKH 
to form L-dih> droorotic acid -md DPN+, this enzyme has been named 
dihydroorotic dehydrogenase Dibydroorotic acid is hydrolyzed reversi- 
bly by another enzyme (dihydroorotase) to carbamy l-L-aspartic acid 
These two enzymes, which link carbamyl-L-aspartic acid and orotic acid, 
also appear to be present m rat hver,*** and arc probably’ widely distrib- 
uted in biological systems 

The Rynthfsis of carbamy 1-L-aspartic acid is effected by rat hver 
mitochondria,®’ and involves the reaction of carbamy! phosphate (p 852) 
with L-aspartic acid, this reaction is catalyzed by an enzyme, “aspartate 

A A I*knti and R Schocnheimer, J Biol Chem 153, 2® (1M4) 

K Mitchell ct al J Biol Chem, 172, 525 (1948) 

ML D Ungfitetat J Am Chem Soc, 73, 1898 (1951) 

Arvjdson et al / Btnl Chem, 179, 169 (1019), R B Hurlbert and 
V R Potter ibid 195, 237 (1952) 

MX Liebcrman and A Komberg J Biol Chem . 207, 911 (1954) 

MC Cooper et al J Bid Chem, 216, 37 (1955), R V\u and D ^ ^‘boo 
thid, 223, 195 (1950) 

«P Reichanl, Acta Chem Seand 8, 795, JI02 (1954) 
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gljcine IS comcrted to glycine, NH 3 and HCOOH, bj a proce^^s coupled 
to the phosphorylation of ADP It appears that Nio.form>ltetrah>dro- 
PGA (p 775) IS formed, ^ith N®-formiminotetrah>droPGA and 
methenjltetrahydroPGA (anhjdroleuco\orin) as intermediates, in a 
manner analogous to that found in the decomposition of formiimnoglu- 
tamic acid in liver (cf p 822) Thus the fonnimino group (NH=CH — ) 
of formiminogljcine is transferred to the 5 position of tetrahydroPGA 
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m one cnzyme-cataljzcd process, another enzjme apparentlj effects the 
Conversion of N^-formiminotetrahjdroPGA to anhjdrolcucovorin, which 
is> readily transformed into N*®-form>ltttrahjdroPGA The sjnthe&is 
of ATP IS coupled to the deform> lation of the folic acid derivative, with 
the formation of HCOOH and the regeneration of the cofactor The 
acetate that appears in punne fermentation probably arises by the inter- 
tnediate formation of serine and pjruvate®® as shown in Fig 3 


Metabolism of Pyrimidines^® 

Biosynthesis of Pyrimidines When N^®-ainmonium salts arc admin- 
istered to rats, the isotope is incorporated into the pyrimidines of the 
tissue nucleic acids How e^ er, if N*®-labeled uracil, cj tosine, or thj mine 
D Sagtrs and J V Beck. J 190 (1956), 73, 465 (1957) 
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acids In the presence of an enzjiiie preparation from >east, orotic acid 
(but not uracil or cytosine) reacts with 5-phosphonbo^l-l-pvrophos' 
phate (PRPP) to form the nucleotide orotidine-5'-phosphate This 
reaction is readih reversible, and the nucleotide is cleaved by pjTophos- 
phate to form orotic acid, as in the comparable pyrophosphoroljsis ol 
purine nucleotides (cf p 885) A second enzyme, also present m yeast 
catalyzes the conversion of orotidme-S'-phosphate to undine-5'-phos» 
phate. the equilibrium in this reaction is far in the direction of 
decarboxj lation In some microorganisms (several Lactobadlli, Eschen- 
chia coh) an enzymic pathway is available for the formation of undine- 
5'-pho«phate by the reaction of uracil with PRPP 

The cytosine of nucleic acids appears to arise by the amination of 
uridinc-5’'-trjpiiosphate by NHi to form cytidinc-5'-tnphosphatc This 
conversion has been demonstrated with extracts of Eschenchxa coh, and 
jniohes the participation of ATP Although undine-S'-phosphate is not 
aminatcd by this enzyme system, the possibility that UBP is a substrate 
has not been excluded (cf p 883) 

It will be recalled that thymine is a characteristic constituent of DNA 
Isotope experiments have shown that the 5-methyl group of thymine is 
derived from the a-carbon of glycine, the yS-carbon of serine, or formate*^ 
It IS probable that the introduction of the methyl group of thymine 
involves the transfer of a Cj unit from a fohe acid compound (p 776) 
to dcoxyundme (or dcoxyuridylic acid), with the formation of thymi- 
dine (or thymidyhc acid),” which is utilized for DKA synthesis The 
conv ersion of deoxy undine to thy midinc is inhibited by a fohe acid antag- 
onist Aminopterm (p 1001), which also inhibits nucleic acid symthesis 
The metabolic origin of dcoxyundme and of deox") cytidine is indicated 
by isotope expcrimcnU with labeled undine and cytidme, these have 
shown that the ribonucleosides may be converted by yeast and by rats 
to the corresponding deoxy ribonucleosides without cleavage of the glyco- 
sidic bond ” How ev er, the mechanism of this conv ersion has not been 
elucidated 

In the DXA of some bacteriophages, cy losine is replaced by* 5-hy droxy - 
methylcyto&ine (p 196), and serves as a metabolic precursor of the latter 

I LJtberraan et al, / Biol Chem 215, 403 (1955), I Crawford et al, iM, 
226, 1003 (1957) 

wi LjpbermaD, J Biol Ckcm,222, 765 (1956) 

B>D E}n->Ti and D B Spnason, J Biol Chem, 207, 467 (1951), J R Totter 
etzl,J Am Chem Sue 76,2196 (1954) 

Fnedkm and D Roberts / Biol Chem, 220, 653 (1930), P Reichard 
Acta Chem Scand , 9, 1273 (1955) 

WE Hararaersten ct al, / Btol Chem, 183, 105 (1950), I A Rose and B S 
Schweigert. 202, 835 (1953), P M Roll et al., tbid, 220, 455 (1956), 
i Rcicbard, Acta Chem Scand^ 11, H (1957) 
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carbamjl transferase,” ^hich is different from the one responsible for the 
synthesis of citrulline As in the latter process, ATP, Mg-+, and an 
acjl-L-glutamic acid are required for the formation of carbamj laspartate 
from L-aspartate, CO 2 , and NH-j bj Iner preparations, ^ith bacterial 
enz>rae preparations (eg, from Streptococcus fecahs), no acylglutamic 
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acid IS needed®® It ttas noted abo\c that a uridine-requiring mutant 
of jYeurospora can gro^ on oxaloacetic acid, a component of the citric 
acid cjcle, the con\ersion of this compound to L-aspartic acid hy trans- 
amination reactions p^o^ ides the mode of entry of 4 of the carbons of 
orotic acid, the fifth being domed from COo in the reaction tMth 
carbamj 1 pliosphatc (Fig 4) 

The studies of Kornberg and Ins associates ha^e shown how orotic acid 
can be utilized for the sjnthesis of the uracil and cjtosine of nucleic 

E Jone^ et al , J Am Chem Soc 77, 819 (1955) P Reichard and 
G Handioff Acta Chem Scand, 10, 545 (1956), J M Lowenstem and P P Cohen, 
J Biol Chem, 220, 57 (1956) 
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(p 194) The Tn bacteriophage of B colt, as seen under the electron 
microscope, is a rounded tail-beanng particle containing about 2 X 10” lo 
fig of DNA Upon infection, the tail (length ca 0 1 /*) of the phage is 
attached to the cell Tsall of the host bacterium, and the DNA pretent 
m the rounded portion {diameter ca 0 1 /*) is injected into the cell Im- 
portant studies by Hershey”® have shown that, if Tg pliage is labeled in 
its DNA with P32 and in its protein Yvith and the labeled phage 
IS used to infect E coh, onlj the appears to enter the cell, and the 
remains attaclied to the surface The entrance of phage DNA into 
the host cell seems to involve an enzymic attack by the virus particle on 
the cell wall'^® The entering DNA then causes a senes of strihng 
metabolic events within the cell, including the apparent cessation of the 
sMithesis of many enzymes, and a marked increase m deoxy^^o^uclease 
activity thus leading to extensive degradation of host DNA It is of 
interest that phage DNA is more resistant to the action of this enzjine 
than are other DNA preparations, this has been attributed to the pres- 
ence of 5-hydrox>methylcytosine bound in glycosidic linkage to glucose 
units After a brief period following infection, phage DNA is actively 
Bjnthesized, and isotope studies have shown that the constituents of the 
host DNA are used m this process”^ Multiplication of the phage to 
several hundred or more particles is followed b> disruption (ijsis) of the 
cell, and release of the pliage into the medium For a further discussion 
of these phenomena, see the review by Boyd^-® 

It IS evident that the entrance of the T 2 phage DNA into the E coh 
cell leads to a marked alteration in the metabolism of the cell, and the 
diversion of materials from the synthesis of normal DNA to the repro- 
duction of pliage DNA The cellular synthesis of the abnormal DNA 
introduced from a virulent To phage thus leads to the death of the cell 
Other bacterial viruses {"temperate" bacteriophages) are known which 
do not kill the host cell, but arc reproduced together with the other cell 
constituents during the growth of the bacterial culture Relative!) little 
is known about the chemical composition of these viruses, but it is 

Anderson Cold Spring Harbor Sympona Quant Biol, 18, 197 (1953) 

115 \ D Hershej and M Chase, 7 <?cn Phytiol^ 36, 39 (1952), A D Hershe>, 
m D E Green, Currents in Biochemical Research, Interscience Publishers, New 
York, 1956 

118 L F Bamngton and t M Koiloff, 7 Biol Chem , 223, 615 (1956), l> M 
Kozloff et al, tbtd , 228, 511, 529, 537 (1957) 

111 L M Ivozloff, Cold Spring Harbor Symposia Quant Biol, 18, 209 (1953) 
iiBS S Cohen, 5aence, 123, 653 (1956) 

ii»S S Cohen, Bact Revs, 15, 131 (1951), M S H Siddiqi et al, 

Chem, 199, 165 (1952) 

120 J S K Bo>d, Bwl Rets, 31, 71 (1956) 
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pyrimidine®^ The 5-hjdroxj methyl group probably arises from a source 
of Cl units, as docs the methyl group of thymine, but thymine itself is 
not a precursor of 5-hydroxy mcthy Icy tosine 
Little is known about the metabolic origin of 5-methy Icy tosine, a 
constituent of some plant and animal DNA preparations (p 191) 
Metabolic Breakdown of Pyrimidines Like the purines of the nucleic 
acids, the pyrimidines are conacrtcd in animal tissues to end products 
that are removed from the organism The administration to rats of uracil 
leads to the excretion of fi-alamne and of carbamy I-^-alanine (,8-ureJdo- 
propionic acid), wlicreas the administration of thymine or dihydrothy- 
rainc results in the appearance of urinary /?-ammoisobutyric acid (Fig 
5) , these products are also foniicd upon incubation of the pyrimidines 
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with liver preparations®*’ It appears, therefore, that uracil (which may 
be derived directly from PNA, or by deamination of cytidine, cf p 886) 
and thymine are degraded in animals by similar pathways involving 
(1) reduction of the pyrimidine ring to a dihydropyrimidine, as in the 
dihydroorotic dehydrogenase-catalyzed reaction, (2) opening of the ring 
to form )3-ureidopropionic acid (from uracil) or /J-ureidoisobutync acid 
(from thymine), as m the dihy droorotase reaction, (3) decomposition 
of the ureido compound to form COo, NH3, and /8-alanine (from uracil) 
or j8-aininoisobutyric acid (from thymine) ^-Alanine is extensively 
degraded in the rat, probably by preliminary transamination with glu- 
tamic acid to form formylacetic acid (OHC — CH2 — COOH), which is 

®*S S Cohen and L L Weed, / Btol Ghent, 209, 7S9 (1054), M Green and 
S S Cohen, tbid , 225, 387 (19a7) 

®*K Fmk et al J Biol Chem, 197, 441 (1952), 221, 425 (1956), E S Canel- 
lakis, ibid, 221, 315 (1956), P Fritzson and A Pihl, ibzd, 22 6, 223, 229 (1957) 
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siotis of this question, see the reviews by Hotchkiss and bj Brachet^"^ 
Clearly, the elucidation of the cnz>znic processes whereby cells effect the 
specific reproduction of nucleic acids is one of the most important tasks 
of present-daj biochemistry”’ 

D Hotchkiss, J Braciicl, m E Chargflff and J N Da\idson, The NvcUk 
A cids Vol II, Chiptor*: 27 and 28, Academic Press, New York, 1955 
127 \\ D McElroy and B Glass, The Chemical Basis of Heredity, Johns Hopkins 
Press, BalUmore, 1957 
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believed that thev contain DNA which is reproduced during cell multi- 
plication Lwoff**^ has shown that, when E coli cells infected with a 
temperate phage are irradiated with ultraviolet light or treated with 
chemicals known to cause mutations (cf p 397), thej undergo lysis 
During the time prior to cell Ijsis, the temperate phage multiplies at a 
rapid rate, and it appears that the biosynthesis of DNA in the cell has 
been diverted in the direction of phage DNA, as with the virulent phages 

Some temperate phages (eg, of strains of Salmonella) are able to 
transfer the ability to develop one of a number of heritable characters 
from the cell of one strain of an organism to a cell of a different strain 
This phenomenon has been termed ^‘transduction/’ and is. believed to 
involve the transfer of DNA from one cell to another ’^2 The most 
de/initnc evidence for the participation of DNA in such transduction 
phenomena has come from studies on the “transforming principles” of 
pneumococci and of other microorganisms (eg, Hemophilm influenzae) 
As mentioned previously (cf p 748), DNA preparations from one strain 
can effect heritable changes in the metabolic behavior of another strain 

The specific reproduction of DNA molecules during cell multiplication, 
whether in viral infection or in transduction phenomena, is believed to be 
related to the duplication of chromosomal DNA, and the transmission of 
heritable characters from parent to progeny A variety of studies have 
shown that the DNA content per coll nucleus, m any given species, is 
proportional to the cliromosome number’-^ For example, the DNA 
content of nuclei of several types of diploid somatic cells (chromosome 
number, 2n) in the fowl is about 24 X 10“^ mg per nucleus, whereas 
m the haploid sperm cells (chromosome number, n), it is about 1 25 X 
10~^ mg per nucleus Furthermore, treatment of organisms with 
ultraviolet light, ionizing radiations (eg, X-rays), chemical alkylating 
agents (e g , N,N'-bis (2-chloroethy 1 ) methy lamine, dimethyl sulfate, 
^-propiolactone), or other substances (eg, Fe-+), is known to cause 
mutations, and it is probable that some of these agents exert an effect 
on chromosomal DNA Although considerable indirect evidence has been 
presented for tlie view that the DNA of the chromosomes occupies a 
central role in genetic phenomena, the biochemical events m the specific 
replication of cellular nucleic acids arc unknown For valuable discus- 

121 A Lwoff. Bact Revs , 17, 269 (1953) 

122 N D Zmder and J Lcderberg / Bact, 64, 679 (1952), N D Zmder, 
J Cellular Comp Physiol, 45, Suppl 2 23 (1955) J Lederberg, Am Scientist, 44, 
264 (1956) 

123 S Zamenhof, in S Graff, Essays tn Biochemistry John Wiley and Sons 
New york, 1956 

124 R Vendrelj and C Vendrelj, Intern Rev Cylol, 5, 171 (1956) 

125 A E Mirsky and H Ris Nature, 163 , 666 (1949) 
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vaporization (575 cal per gram at 37® C), and a high thermal 
conductivity 


Metabolic Functions of Inorganic Ions' 

It has long been knonn that, for normal growth and function, in- 
organic salts must be supplied to all biological forms Thus Pasteur 
showed in 1860 that jeast will grow only when the culture medium 
contains inorganic compounds, in addition to ammonia and a fermentable 
carbon compound The fact that higher plants require a \anety of 
inorganic ions was clearly demonstrated in the same year by Sachs and 
bj Knop The importance of inorganic salts m the diet of higher animals 
emerged from the w ork of Osborne and Mendel on the nutntional require- 
ments of the rat, m 1919 these investigators devised a salt mixture 
which IS still widclj used as a constituent of synthetic diets 
Of the metallic elements identified in biological material, fewer than 
half ha\c been shown to be indispensable for the growth and normal 
function of animals or plants (Tabic I) The indispensable elements may 

Table I Metallic Cations of Ammai or Plant Tissues 


Indispensable 

Dispensable 

‘Bulk" Elements 

“Xontoxic” Elements 

Sodium 

Caesium 

Potassium 

Chromium 

Calcium 

Nitkel 

Magnesium 

Rubidium 

Silicon 

Strontium 

Tm 

‘Trace" Elements 

"Toxic" Elements 

Iron 

Antimon> 

Cobalt 

Arsemc 

Copper 

Banum 

Manganese 

Zme 

Beiylhum 

Bismuth 

Aluminum 

Cadmium 

Boron 

Lead 

Molj bdenum 

Mercurj 

(Vanadium) 

Selenium 

Silver 

Tellurium 

Thonura 


io<«' T’race Elements in PlanU and Animals, The Macmillan Co , York 

U-J6, t, J Poderwood. Trace Elements tn Human and Animal Niitnlion, Academic 
rtw ew York 1956, A Pirsoa Rev Plant Physiol, 6, 71 (1055) 
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Role of Inorganic Ions 
in Metabolism 


Although the preceding chapters ha\c dealt mamlj T\ith the metabolism 
of organic compounds, it \m 11 lm\e become evident that the inorganic 
constituents of h\ing matter arc essential participants m biochemical 
processes For example, mention has been made of the importance of 
iron and copper in the action of several respiratorj pigments {hemo- 
globins, mj oglobin, hemocj anms etc ) , of electron earners (c> tochromes) , 
and of oxidatue cnzjmcs (catalases, peroxidases, c>tochrome oxidase, 
phenol oxidases, mctallofl uoproteins) The role of magnesium in 
chlorophjll and in \arious enzjme sj stems that act on phosphate com- 
pounds, and the relation of moljbdcnum to nitrogen assimilation also 
haNC been discussed, as has the importance of other inorganic cations 
(Zn'+, Mn2+, K+, Ca2 + ) for a \arict> of enzjmic processes Among 
the inorganic anions, pho''phatc occupies a pre-eminent place in inter- 
mediate metabolism, and sulfate and the halides (eg, iodide) are 
required for the biosjnthcsis ol natural products classified as organic 
compounds (eg, mucopolv saccharides, th>roxme) 

Ho\ie\er, these functions of the inorganic ions m metabolism represent 
onlj one aspect of their action in biological sj stems Of equal importance 
IS their general role in preseiaing the phjsical integritj of cells and 
tissues In the consideration of this facet of the biochemical action of 
inorganic ions, it must be retailed that water, which represents the major 
chemical constituent of li\ing organisms, is the principal medium for 
the occurrence of metabolic processes * Not only does w iter ser\e as the 
'chicle for the transport of ions to and from cells, but it also participates 
m acid-base equilibria (cf p 918) Water has se'eral physical properties 
that are of importance m its physiological role In addition to its 
mobility and sohent power, water has a high dielectric constant (cf 
P 20), a high specific heat (1 cal per gram at 37'* C), a high heat of 

* J F Manery, Physiol Revs, 34, 334 (1954) 
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raents may appear to be "dispensable” for grov^'th but arc required for 
the production in vivo of individual enzymes (e g , mammalian \antbwc 
oMdase,® bacterial formic debjdrogenase®) 

Bulk Elements K'^ Js found almost unl^e^sftllJ as the principal 
inorganic cation of cells, uhcrcas Na+ u> present mainly as the cation of 
extracellular tissue fluids of animals The important role of these cations 
and of the amon Cl- m the osmotic regulation of bodj and tiS5sue fluids 
will he diseusicd in a later section of this chapter Although the classi 
ficalion of the univalent ions as bulk elements was based on the relainely 
large amounts required for osmotic actmty, it is now recognized that 
K-^ and Na'*’ also scr\c as essential acti\atmg ions for specific enz>me 
systems (Tabic 2) ’ In general, enzjmcs that are activated bj K-^ and 
N»+ al«o can be activated by NH 4 + and Rb"^ 


Table 2 Some Physiological Effects of Bulk Metallic Cations 


Cfttjon 

l^nz^TUC Systems Affected in intro 

Other Roles 

J\V 

Actuation 

Apyra«e^ (brain and 

Inhibition 

ATP-pj ruvnc trans« 

Principal cation of 


bacteria) 

phosphoiylase 

cvtrftceUular 

K+ 

-tTP-pvTUvic trans- 

Aceto-CoA-kmiise 
Pbosphotransacety lasc 

tissue fluids 

Principal cation of 

Ca«- 

phosphorvlase 

Apjrase (ifaactena) 
Fnictokma«e 
Phosphotnnsacetv lose 
AcetOvCo V-kmase 

Actomv osm- ATPa’se 

Enohse 

most celia 

Blood coagulatioa 


ApjTose ^potato) 

Some dipcptida-sGs 

Bone formation 


Phospholipase C 

Phospl) vtases 

Flavokin^se 

Actomj osm-ATPa«e 

Bone formation 


Tnnsphosphorv lascs 
Enolase 

Chlorophyll for- 
mation 


Sonic peptidases 
Keto ftcid decarbotjlascs 
Phosphohpace C 


The univalent cations, together with Ca®"*" and are important 

in the preservation of the mte^ty of cell membranes and in the normal 
actiiitj of excitable tissues (cf p 925) The inclusion of and 
among the bulk ions of the tissues of v'crtcbratcs is primarily a 
reflection of their presence in bone, in the form of carbonates and 


'iE C liellenio Advances m hmytnol, 17» 293 (J9S6) 

«J Tihseat mochcin /, S7, 10 UOSi) 

■’■yV 3> McEjroy A Kason, Ann Rev Plant physiol, 5, I (I&54) 
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be separated into two groups ( 1 ) the so-tailed “bulk’' elements, which 
are found in high concentrations, and (2) the “trace” elements Not all 
of the elements listed in Table 1 as “indispensable” are required by c\er> 
animal and plant Thus Na+, which is of vital importance to higher 
animals, is known to be a dispensable cation for inan> bactena and also 
for most plants, with the exception of the blue-green algae ^ On the 
other hand, onlj some higher plants ha\e been shown to require aluminum, 
boron, or \anadium, moljbdenum appears to be essential only to 
organisms that derne all their nitrogen from inorganic sources (cf p 
674) A number of the nonessential trace elements mn> be considered 
both nonnutritive and nontoxic, but others produce toxic symptoms in 
living organisms It is probable that many of the effects of metallic 
ions, such as Ag+, Hg-"^, Pb-+, arc associated with the fact that they 
are potent inhibitors of numeroua enzjmes 

Most of the elements in Tabic 1 occur in animals and plants as cations, 
as noted earlier, sc^ oral inorganic anions also plaj important metabolic 
roles The inorganic anion found in the highest concentration in all 
living forms is phosphate, which is required b> all organisms A second 
bulk element found, in part, in the form of inorganic anions, is sulfur, 
which is required b} organisms tliat niuH sjnthesize organic compounds 
(sulfur-contammg ammo acids, biotin, etc ) from inorganic substances 
(cf p 799) However, most organisms prcsumablj can satisfj their 
sulfur requirements b> the utilization of organic sulfur compounds and 
form sulfate hy the oxidation of the sulfur ammo acids Of the halides, 
onl} chloride is a bulk anion \nd appears to be required hy all animals 
and plants Iodide is essential for higher animals (thjroxme formation) , 
bromide and fluoride, both of which are found m animal and plant 
material, are generallj considered nonnutritive and toxic for higher 
animals It will be recalled that fluoride is an inhibitor of carbohjdrate 
metabolism 

Although the mineral requirements of higher animals and plants have 
been investigated extensively, the requirements of microorganisms are 
less clearly establislied ■* Most microbiological media are made up to 
contain Na+, K+, Mg-'*', Fe 2 +, SO 42 -J CI“, phosphate, and, some- 
times, Mn2+ and Ca2+ The studj of the role of trace elements m 
bacterial metabolism and m the nutrition of higher forms of life is 
hindered by the difficulty of preparing pure samples of inorganic salts 
A further complication is the fact that an apparent requirement for a 
specific ion inaj be the result of an imbalance in the proportions of the 
various 10 ns supplied or of the presence of toxic 10 ns Moreover, ele- 

3G E Fogg, Bad Ileis, 20, 148 (1956) 

G Kmght, in C H VVerkman and P W Wilson, Badenal Physiology, 
Academic Press, New \ork, 1951 
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actjon of various enzymes For sample, the activity of the iron- 
containing enzymes is greatly reduced m microorganisms cultured in 
media deficient m iron With the heme enzymes or the zinc-containing 
enzymes (carbonic anhjdrase, several dehydrogenases), a specific in- 
organic cation IS an integral part of the metalJoenzyme complex 
Howeacr, the catalytic action of many cnzjmcs has been found either 
to require or to be stimulated by the presence of one of several bnalent 
inorganic cations (Mg^+j Co2+, Zn^-f-) In such metal-acti^ated 

enzjme sj stems (eg, transphosphorylases, pliosphatases, arginase, some 
evopeptidascs, and sc\eral keto acid decarboxylases), the activating cation 
mav be intimately in\ohcd m the formation of enzyme-substrate com- 
plexes Since several cations maj sene as activ'ators of a single enzjrae, 
it IS frequentlj difficult to establish which of these is the “natural” 
actuator For a discussion of the role of metal ions m enzyme sjstem«, 
see Lehninger^® 

Among the indispensable trace elements listed in Tabic 1, iron occupies 
a priraarj place in the metabolism of higher animals, because of its 
presence as a structural constituent of hemoglobin Of the total iron in 
the human body (ca 4 3 grams per 70 kg), about 70 per cent is present 
m hemoglobin, about 3 per cent in myoglobin, and most of the reraainder 
is m fcrntin, the storage form of iron ** Fcrntm is found in the spleen, 
the Iner, and (to a lesser extent) in the bone marron , it consists of a 
protein (apoferritin) containing tightly bound micelles of a feme hjdrox- 
ido haMHg the approximate composition (FcfOOHlg (FeOPOsHs)) 
The iron content of fcrntm is \ariable, and may reach values as high as 
23 per cent Upon the addition of cadmium chloride, ferritin may be 
obtained in the form of crystals, but ultracentnfuga! studj of such 
material has shonn it to bo inhomogeneous Apoferritin may be prepared 
bj reduction of the feme ion to the ferrous form at pH 4 5, folloired bj 
dnljsis to remote the metal ions Addition of cadmium chloride to the 
protein solution gi\es crjstallinc apoferritin, which behaves as a homo- 
geneous protein in the ultracentrifuge (particle weight ca 405,000) A 
crystalline preparation with properties similar to those of natural ferritin 
has been obtained bj treatment of crjstalhne apofemtm with an inor- 
ganic ferrous salt in the presimce of oxjgcn, and it is believed that ferritm 
IS formed tn vivo bj an analogous process 

The pathway of iron (Fe^+) from the foodstuffs to hemoglobin and to 

L Lehninger, Pkytol Revs, 30, 393 (1950) 

“ S Granic)., Phynot Pevs, 31, 489 (1951), D L Drabkin, 31, 345 (1951), 
A Mazur, m S GraS. Etsays tn Biochemulrv, John Wilej- i Sons, New York, 19^. 
E Shorr, Haney Lectures, SO, II2 (1956) 

Bull sac chim biol, 19, 1575 (1938) 

. 5 E Bajer, E^alunevaenschajicn, 42, 125 (1955), R A Fincberg 

and D M Greenberg J Bwl Ckem , 214, 97, 107 (1955) 
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phosphates, approximateK 99 per cent of the calcium and 70 per cent 
of the magnesium m the mammal is found in skeletal structures 
The role of Ca-+ in blood coagulation has alreadj been discussed 
(p 703) In liuman blood, calcium is present raaml> in the plasma, 
uherc ca 50 per cent is m ionic form and the remainder is m combination, 
in a nondiffusible form, uith serum proteins A. decrease in the Ca2+ 
content of blood, sucli as maj result fiom a dietarj deficiency or from 
an inbufficienc> of tiie paiatharoid hormone (p 945), ma> lead to 
tetanj , an excess of Ca-'*’ in the blood ma> be follow ed bj a calcification 
of several internal organs 

The absorption of dietarj Ca-^" (and also of irg- + ) from the intestinal 
tract ma} be pre\ ented bj the simultaneous ingestion of organic acids 
(eg, oxalic acid, plntic acid) with which the cation forms insoluble 
salts ConseqiicntK , the axailabilitj of dietarj Ca-'*' is greatlj influ- 
enced by the other constituents of the diet Both Ca2+ and Mg-'*' are 
excreted mainly \ii the I irge intestine rather than the kidney For this 
reason, the administration of calcium and magnesium salts can result 
m the production of an acid urine, since the accompanjing anions are 
excreted bj the kidnex (cf p 918) For an cxtensi\e rcxiew' of calcium 
metabolism, see Nicolajacn et al or Irxing** 

In contrast to the distribution of cilcium in mammalian blood, more 
magnesium is present m red tells than in plasma Furthermore, the Mg®"*" 
content of muscle cells is relatuclj high In the latter tissue, Mg^-^- pla>s 
an important role, as an actixating ion, in manj of the cnzjmic reactions 
(Table 2) Indeed, nearlj all tran»phosphor>lntion reactions in\ohmg 
ATP require the presence of Mg-"*" Thib actuating effect of Mg2+ 
maj, m many mstance^, be dujilicated tn vitro bj Mn 2 + and, in some 
reactions, bj other dixalent t itions such as Co“+, Ni2+, Zn-+, or Ca-'*' 
The signal biochemical importance of the phosphate group will ha\e 
become evident in the chapters dealing with the metabolism of carbo- 
hydrates, fats, proteins, and Mtamms (cf alsoMcElroj and Glass**) The 
presence of phosphate in bone was noted abo\e, and its function in the 
regulation of blood pH is described on p 918 It may be added that 
the normal formation of bone depends on the rclatnt amounts of dietary 
phosphorus and calcium, and, m addition, on the axailabihtv of xitamin 
D (Chapter 39) The inorganic ions of bone are in equilibrium with 
those of the blood and of the other tissues (cf p 915) 

Trace ElemenJs It is probable that the nutritional lequirements for 
the indispensable trace cations is related to their participation m the 

Nicolaysen et al Physiol 33,424 (19^), J T Ining Calcium A/etab' 

olism, Methuen London 19o7 

D McEIroj and B Gla<59 Phosphorus Afefabolism, Vols I and 11, Johns 
Hopkins PrciS, Baltimore, I951-19a2 
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for the formation of hemoglobin w vivo It maj be added that, m the 
nutrition of higher animals, nonnal copper metabolism depends on 
the rtlati\e proportions of copper, molybdenum, and sulfate in the diet, 
m some cases, an excess of dietary molybdenum can lead to the syinptoin? 
of a copper dcficieney 

Practically all tlie copper of plasma is bound in a copper protein 
(ceruloplasmin, p 181), vhich contains 8 atoms of copper per unit of 
150 000, its probable particle weight In the hereditary condition knoTvii 
as A\ilson’s disease (hepatolenticular degeneration) a marked decrease 
in ceruloplasmin is observed, possibly as a consequence of an impaired 
capacity to synthesize the protein, this abnormality is associated 'Rith 
an excessuc absorption of copper from the intestinal tract, and with a 
marked deposition of copper m the tissues, notably in liver and brain 
Much of the information about the requirements of higher plants for 
trace elements has conne from the study of the diseases of field plants 
Specific pathological conditions have been described for plants groining 
m soil deficient in manganese, boron, copper, or molybdenum 

Homeoslasis 

A striking characteristic of living oi^anisms is their ability to mamtam 
the “constancy of the internal environment” in the face of changes in the 
external environment This concept was initially developed by Claude 
Bernard for higlicr animals m which the blood (together with the l>mph 
and extracellular tissue fluids) may be considered to be the ”mtemat 
environment” (mihcu tnUneur) However, it applies also to higher 
plants and to lower forms of life, all of which display an ability to 
regulate the concentration of materials dissolved in the cellular or body 
fluids Thus the osmotic activity, which is largely determined by the 
total concentration of Na+, K+, Cl", and HCO3", is kept within 
the narrow limits compatible with life Tlic relative concentrations 
of the principal cations (K+, Ca^+j must also be main- 

tained, since these 10ns determine the integrity of cell membranes and 
the characteristic bioelectric potentials of the tissues In addition, the 
pH within the cells and tissues must be carefully regulated by the removal 
of excess acid or alkali arising from the roetabohsm of nutrients 

Ionic Equilibria * The phenomenon of homeostasis Ins been studied 
most extensively with reference to the mararoalmn organism, where al 
the fluids of the internal environment have essentially the same inorgamc 

M \\&l^hc,Bnt Med 13, 132 (1957) ^ . 

A Icztbooloi General PhynQ\ogv,i and A Churchill Ltd I^ndon, 

1031 

B Hasime'' Itmvcy I,ce<are», 36, 91 (IIHH 
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ferritin probably mvoKes the following processes (1) the Fe3+ of the 
dietary material is reduced to Fd 2+ m the gastrointestinal tract, (2) after 
absorption into the cells of the intestinal mucosa, the Fe2+ is incorporated 
into ferritin as Fe^^, (3) the Fe2+ m the mucosa is also con\erted to 
plasma Fe^"*" (bound by the iron-binding globulin named “transferrin" 
or “siderophilin”) , (4) the plasma Fe'*+ u, m equilibrium with the iron 
in the liver, spleen, and bone marrow In these tissues, the changes 
shown in the accorapanjing scheme are belie\ed to occur 


(liver splees 

a+. (*enim) -,2+ bone mwrow) „ , ^ 3+, 

•Bound Fe"*^’ r ►Fe^ - 7 -- »- FemtmfFe 


f Globm 

Heme (Fe^*) Hemoglobin 


In the catabolism of hemoglobin, after the disintegration of the 
erythrocjtes (cf p 869), \cr> little of the iron is e\crcted, and most 
of it IS used again for hemoglobin formation or is stored as ferritin A 
normal adult animal requires and absorbs relati\e]j little iron from 
dietary sources Upon tlie administration of Fe^® (as ferric salts) to 
rats, the isotope appears rapidl> in Ii\er ferritin, other iron-containing 
proteins (cjtochrome bg, catalase) are labeled more slowly*® If verj 
large amounts of iron are present m the animal bod>, the capacity of 
ferritin to store iron m i> be exceeded, and hemosiderin (a form of feme 
hjdroxide) is deposited in the luer This condition (hemosiderosis) 
raaj accompany anemias in which the level of plasma iron is markcdl> 
elevated In the disease known as hemochromatosis, tlie iron content of 
some tissues (liver, pancreas) may be as high as 3 grams per 100 grams 
drj weight, instead of the 20 to 50 mg normally present 
For the utilization of iron in hemoglobin synthesis, a dietarj source 
of copper is essential Experimental animals on diets deficient in copper 
develop an anemia characterized not only bj a marked decrease m the 
total iron and heme content m the blood and tissues, but also by an 
increased amount of free protoporphj rm in the erythrocytes Pre- 
sumably, copper-containing enzyme systems are involved in some step 
in hemoglobin formation Cobalt also appears to be essential for the 
normal formation of erythrocytes, this effect is probably a reflection of 
the presence of cobalt in vitamin Bi> (Chapter 39), which is required 


** C J Gubler, Science, 123, 87 (1056) 

*®R B Loftfaeld and R Bonnich&cn Acta Chetn Scand 10, 1647 (1956) 

*®H R Marston, Physiol Revs, 32, 66 (1952) S H Allen Biochem J , 63, 461 
(1956), C H Gallagher et a\,Proe Roy Soc 145B, 134 195 (1956) 
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Thus the "nater and electrolytes of the blood are kept at their required 
levels, and nutrients can be transported to the tissue cells while metabolic 
products are transferred from tissue cells to the blood 
The ultrafiltration of blood from the afferent arterioles in the kidne> 
tubules during the formation of unne also may be explained b> the 
force of the filtration pressure of the blood How ev er, to prev cut the 
lo'^s, via the urine, of essential inorganic and organic constituents of 
blood, there occurs a seleelne reabsorption of such constituents of the 
glomerular filtrate into the blood of the efferent arterioles This re- 
absorption {and also the secretion of certain compounds into the 
glomerular filtrate by tubule cells) may involve the “active transport” 
of ions rather than a diffusion or simple exchange of ions across a 
semipemicable membrane (cf p 922) 

In a model system m which a ‘^alt solution and a solution rontaining 
both '•alt and protein are separated bj a collodion membrane, the equi- 
librium distribution of inorganic ions (anions and cations) across the 
membrane maj be do'-enbed b> means of the Gibbs-Donnan equation 
In the phjsiological sjstem composed of erjthrocjtes and serum, the 
equilibrium distribution of the pnncipa! anions (i e , Cl*” and HC 03 “) 
accords with this relationship 


(Cn^u .. [HCOaltdi , 

/ lCriftu,d lHC03“)Bmd “ 

In the respiratorj process, there is a constant mfiux of COg into the 
blood circulating through the tissue blood vessels and a corresponding 
loss of CO^ from the blood v esscls in the lungs As a consequence of the 
reiativelv high CO 2 pressure m the tissues, COo passes rapidlj into 
the plasma and thence to the red cells the action of the cellular 
carbonic anhjdrasc (cf p 912), much of this COg is rapidlj converted 
to carbonic acid which, bv simple dissociation and bj interaction with 
the potassium «alts of oxyhemoglobin and hemoglobin, gives rise to 
bicarbonate 


CO 2 d- H 2 O 
H 2 CO 3 -f K+ + 


carbocuc anb^drase 


(HbOz)" 

OT 

1 Hb“ 


HzCOs H+ + ncor 

fHHbOzl 

or U- K+ -f HCO3 

1 HHb J 


To compensate for the increase m cellular HCO-“, there occurs a 
transfer of HCOs" from erydbrocytes to plasma accompanied by the 
entrance of Ci~ from the plasma into the red cells^in order to restore 
the Gibbs-Donnan equilibrium ratio mvohung these two anions (the 
eo-callcd ‘chloride shift”) However, such an exchange reaction stiH 
eaves the cells with a relatively higher concentration of osmoticall} 
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composition, in effect, tlie Ijmph and extracellular tissue fluids represent 
protein-froe ultrafiltrates of blood plasma (Table 3) As first suggested 

Table 3 Inorganic Consfituenfs of Human Blood Plasma 
Average Value per 100 ml 



Milligrams 

Milliequivalents 

Cations 

Sodium 

316 

13 7 

Potassium 

17 

0 43 

Calcium 

20 

1 0 

Magnesium 

3 

0 25 

Total 


15 4 

Amons 

Chloride 

365 

10 3 

Bicarbonate 


2 7 

Phosphate 


0 2 

Sulfate 


0 1 

Total 


13 3t 


t At the pH of human blood approximatelj 1 8 milliequivalcnts of cations per 
100 ml are ncutralifod b\ anionic groups of plasma proteins (cf p 100) An 
additional 0 3 milliequivalents of plasma cations is neutralized b} organic amons 
(e g , lactate) 


by Starling, the relationship of blood phsma to the other fluids with 
respect to their diffusible constituents can be explained readily by the 
high content of proteins in plasma and the resultant distribution, accord- 
ing to the Gibbs-Donnan law (cf p 111), of the diffusible substances 
between two solutions separated b> a scmiperineable membrane The 
filtration pressures which account for the passage of watei and solutes 
from the arterial end of capillaries to extracellular tissue fluids and for 
the return of water and solutes to the blood in tlie \tnous portion of the 
capillaries are primanlj due to the variation in the hjdrostatic pressure 
(blood pressure) as the blood passes through the capillaries (Table 4) 


Table 4 Capillary Pressures m Man 


Hjdrostatic pressure 
Effectue osmotic pressure 
(due to plasma proteins) 
Filtration pressure 
Movement of water and dif 
fusible solutes 


Pressure, 

cm of water 

Artenal End 

Venous End 

44 

17 

36 

36 

8 

-19 


Plasm i — * Tissue fluid Tissue fluid — » Plasma 
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Actd'Base Balance and CO2 Transport The pH range of the blood 
compatible with mammalian life is 7 0 to 7 9 , normal!) the blood pH is 
about 7 4 , and the difference between arterial and \enous blood is rarel> 
more than 0 02 to 0 04 pH unit It must be inferred, therefore, that 
changes in blood pH due to the addition of large amounts of acid or 
alkali are prevented bj the action of the blood buffers The buffer 
systems in phsma include NaHC03-H2C0i, Nfl2HP04-NaH2P04, and 
the plasma proteins, which may be represented NaPr-HPr In the red 
cells the buffer pairs include KHCOt-HgCOs, K2HPO4-KH2PO4, and 
the proteins, of wlucli hemoglobin (KHb-HHb) and oxjhemoglobm 
(KHb02-HHb02) are the most impoitant In the physiological pH 
range 7 0 to 7 9 , most of the buffering power of the hemoglobin may be 
ascribed to the ionisation of the iraidazolyl group of the histidine residues 
(ef p 94 ) 

The pho'jphate content of blood is quite low, and the NaHC03-H2C03 
system is, b> far, the most important buffer in the plasma The entrance 
of into the blood is immediately reflected by a rise m the H2CO3 
land CO2) content which causes a stimulation of tlie respiration rate 
and the rapid loss of excess CO2 Ma the lungs 

Excess acid is also excreted by the kidney, which plays an important 
role in tlie maintenance of the blood pH at its characteristic xalue of 
about 7 4 As noted earlier, the glomerular filtrate is essentially an 
ultrafiltrate of plasma Since, at pH 7 4 , NaHCOg/HoCOa " ca 20 and 
Na2HP04/NaH2P04 — ca 4 , the excretion of urine having the same 
pH as plasma would result in a serious loss of Na+ However, during 
the passage of the glomerular filtrate down the kidney tubules there 
occurs an exchange of Na+ present m the filtrate for secreted b> 
the tubule cells, this H^ prcsumabl) is formed within the tubule cells as 
a result of the reaction between CO2 and H^O, cataljzcd by carbonic 
anhjdra&e Conbcquentlj , H+ is excreted m the urine while 
(reabsorbed from the glomerular filtrate) and HCOs" (formed within 
the tubule cells) are returned to the blood Tims, when the metabolic 
production of acid 15 in excess of the amount of cations absorbed m the 
diet, the urine will be much more acid than the blood The Na'^-H 
exchange described above would produce an extremely acid urine were 
it not for the presence in urine of the phosphate buffer pair Normally/ 
the pH of urine vanes from 4 8 to 78 , and is determined largelj by the 
ratio Na2HP04/KaH2P04 

Another mechanism for the conservation of Na+ involves its replace- 
ment by NH4+ formed within the tubule ceUe by the deamidation of 
glutamine and by the deamination of e-amino acids Tims, in xerj acid 

J Henderson, Blood, Yale Unnersity Press, New Haven, I92S, P I 
Houghton, Harvey Loclurci, 39, 96 (1W4), R F Pitts, tbid, 48, 172 (1931) 
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active ions, and, hence, some water enters the cells to restore osmotic 
equilibrium between erythrocjtcs and plasma The passage of blood 
through the lungs is accompanied by the release of COo froni the 
blood to the alveolar air, the series of reactions outlined above is 
reversed, and the red cells lose water Similar fluid exchange occurs 
in response to the transport of ions across cell membranes m tissues 
other than blood 

Although the relative concentrations of anions in erjthrocytes and 
plasma are in accord with the Gibbs-Donnan law, the relative concentra- 
tions of cations cannot be described bj this equation Since the red 
cell membrane is permeable to both K+ and Na+, the maintenance of 
the K+ concentration within the cell and the exclusion of Na+ from the 
cell must depend upon a mechanism involving the active uptake of K+ 
and the active extrusion of Na+ Thus, in an> biological system m 
which more nondiffusible ions (eg, proteins) arc present on one side 
of a membrane than on the other, an unequal distribution of “frcelj 
diffusible” ions is to be expected tlicse ions will diffuse (be “passivelj 
transported”) in accordance with the Gibbs-Donnan law The movement 
of “activcl) transported” ions (cf p 922) need not conform to this 
relationship, and such movement can pla> an important role m deter- 
mining the over-all distribution of ions across biological membranes 

In respect to the cations of erythrocytes, it should be added that, m 
different mammals, the molar ratio of K+ to Na+ vanes greatly, although 
the total concentration of the two cations is nearly the same In human 
erythrocytes, the K'*’ concentration is ca 160 milhequivalents per liter, 
and the ratio K+/Na+ is about 9 1 For other mammals, this ratio is 
as follows guinea pig 7, rat 84, rabbit 6 2, cat 0 06, dog 0 08 In all 
these species, the K+ZKa"^ ratio of plasma is approximately the same 
(ca 0 03) 

It IS worthy of note that the concentration of inorganic ions in the 
tissues of marine invertebrates (c g , lobsters, crabs, cray fish) is relativ ely 
low However, the intracellular concentration of ammo acids is particu- 
larlv high (ca 3 grams per 100 grams of fresh muscle), and it has been 
assumed that free ammo acids serve m place of intracellular inorganic 
ions in the maintenance of osmotic equilibrium between the tissues and 
the blood The inorganic electrolyte concentration of the blood of marine 
invertebrates is nearly the same as that of sea water 

Among insects, there is a wide variation in the total concentration of 
inorganic ions in the blood (hemolymph) , relatively large amounts 
of free ammo acids also may be present The K+/Na+ ratio varies 
widely, and, in plant-eating insects, the blood contains high concentra- 
tions of K+ and of Mg2+, the pnncipal inorganic cations of plant tissues 

2® A Leaf Biochem J , 62, 241 (1956) 
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Actd-Bose Balance end COj Transport The pH range of the blood 
compatible with mammalian life is 7 0 to 7 9 , normall> the blood pH is 
about 7 4 , and the diftcrence between arterial and \enous blood is rarelj 
more than 0 02 to 004 pH unit It must be inferred, therefore, that 
changes in blood pH due to the addition of large amounts of acid or 
alkali are pre\cntcd bj the action of the blood buffers The buffer 
systems in plasma include NaHCOa-HjCOa, Na2HP04-KaH2P04, acd 
the plasma proteins, which may be repre -rented KaPr-HPr In the red 
edit, the buffer pairs include KHCOa-HsCOj, IC2HPO4-KH2PO4, and 
the proteins, of nhich hemoglobin (KHb-HHb) and oxyheraogiobm 
(KHb02-HHb02) are the most important In the pliysiological pH 
range 7 0 to 7 9 , most of the buffering power of the hemoglobin may be 
ascribed to the lonuation of the imidazoljl group of the histidmc re&idues 
{cf p 91 ) 

The phosphate content of blood is quite low, and the NaHCOs-HjCOs 
gjstera is, by far, the most important buffer in the plasma The entrance 
of H"*- into the blood is immediately reflected by a rise m the HjCOj 
(and CO3) content which causes a stimulation of the respiration rate 
and the rapid loss of excess CO2 \ia the lungs 

Excess acid is also excreted by the kidney, which plays an important 
role m the maintenance of the blood pH at its characteristic xalue of 
about 7 4 As noted earlier, the glomerular filtrate is esscntialb an 
ultrafiltrate of plasma Since, at pH 7 4 , HaHCOg/HsCOs •- ca 20 and 
Ns2HP04/NaH2p04 •* ca 4 , the excretion of urine linxing the same 
pH as plasma would rcault in a senous loss of However, during 

the passage of the glomerular filtrate down the kidnev tubules there 
occurs an exchange of present m the filtrate for H+ secreted by 
the lubuk cells, this presumably is formed within the tubule cells as 
a result of the reaction between CO2 and HgO, catalyzed bv carbonic 
anhydrase Consequently, H+ is excreted m the urine while Na+ 
(reabsorbed from the glomerular filtrate) and HCOs" (formed withm 
the tubule cells) are returned to the blood Thus, when the metabolic 
production of acid is in excess of the amount of cations absorbed m tiie 
diet, the urme will be much more acid than the blood The 
exchange described above would produce an extremely acid urine were 
it not for the presence in urine of the phosphate buffer pair Normally, 
the pH of urine vanes from 4 8 to 7 8, and is determined largely by the 
ratio Na_HP04/NaH2P04 

Another mechanism for the conservation of Na*^ involves its replace- 
ment by NH4+ formed within the tubule cells by the deamidation of 
glutamine and by the deamination of a-ammo acids Thus, in very acid 

UctJtlcrson, Blood, "iali* TTniveiSitj Press, New Haven, 192$, F J 
Houghton, Harvey Lectures, 39, 90 (1944), R F Pitts, tbtd, 48, 172 (1951) 
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urine, the amount of ammonia will be rclatuely high In addition, the 
kidnej can reabsorb the elements of “bicarbonate-bound base” {bicar- 
bonates of sodium or of other cations) at the expense of H+ The 
formation of urine in the kidney maj be *5660, therefore, to involve an 
ultrafiltration of plasma, followed bj cationic exchange reactions between 
the ultrafiltrate and the tubule cells (Fig 1) Since most of the water 
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Fig 1 Reactions associated with (I) the acidification of urine, (II) the excretion 
of ammonia, and (III) the reabsorption of bicarbonate-bound cations 


and inorganic 10ns are reabsorbed from the glomerular filtrate and 
returned to the blood, the kidney functions as a regulator of the elec- 
trolyte balance as well as of the pH of blood 
Carbon dioxide represents the major end product of the metabolism 
of organic compounds, and its transport from the tissues to the lungs is 
one of the most important functions of the blood Onl> approximately 
5 per cent of the total blood CO2 is present as “free,” 1 e , dissolved, COo , 
the remainder is found as “bound” CO2, a term used to designate HCO3 
carbamino-bound CO2, and bound forms of undetermined composition 
The first unequivocal evidence for the existence m blood of carbamino- 
bound CO2 was presented bj Hennques m 1928, the importance of this 
tjpe of compound in the transport of CO2 has been emphasized by the 
studies of Roughton Carbainino compounds are formed by a spontaneous, 
reversible reaction between CO2 and the free ammo groups of amino 
acids or proteins The plasma proteins and the red cell proteins both 
hind CO2 in this manner It is of special interest that more CO2 can 
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be bound by hemoglobin than by oxj hemoglobin, thus, as oxjgcn is 
released from the blood to the tissues, i e , as HbOo Hb + O^, there 
IS a simultaneous increase in the amount of protein cipable of reacting 
with the entering CO2 to form carbammo-bound COj 
The entrance of COo into the blood plasma is presumed to occur b} 
simple diffusion of a dissolved gas from a solution having a high partial 
pressure of CO2 (as in the tissues) to one with a low CO2 pressure, le, 
the blood Some of the entering COo remains in plasma as free CO2, 
a small portion of plasma CO> is concerted to bound forms by (I) a 
spontaneous, slow reaction ivith water to }ield H^CO-? and (2) a rapid 
reaction with the plasma proteins to jicid earbammo compounds More 
than two thirds of the entering CO2 passes into the red cells where some 
of It IS rapidly con\crtcd, under the influence of carbonic anhjdrase, to 
HgCO-i and another portion is con%crtcd to earbammo hemoglobin, the 
red cells also contain some free CO2 The newdj formed H2CO3 and 
earbammo groups arc partiallj dissociated to produce and the corre- 
sponding anions, and the is taken up by the respective buffer systems 
of both the cells and plasma Of special importance m the buffering 
power of the red cells is the fact that oxyhemoglobin is a stronger acid 
than hemoglobin, as a consequence, at tlie pH of blood, less is 
required to neutralize HHb than is needed for HHbOj (Fig 2) It will 
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Fig 1 Reac-tjons associated «ith (I) the acidificatioD of urine, (11) the excretion 
of ammonia and (III) the reibsorption of bicarbonate-bound cations 

and inorganic ions are reabsorbed from the glomerular filtrate and 
returned to the blood, the kidnej functions as a regulator of the elec- 
trolyte balance as tvell as of the pH of blood 
Carbon dioxide represents the major end product of the metabolism 
of organic compounds, and its transport from the tissues to the lungs is 
one of the most important functions of the blood Only approximately 
5 per cent of the total blood CO2 is present ns “free,” 1 c , dissoh cd, CO2 , 
the remainder is found ns “bound” CO2, n term used to designate HCOj“, 
carbammo-bound CO2, and bound forms of undetermined composition 
The first uncqui\ocnl cMdcncc for the existence in blood of carbammo- 
bound COo ^^as presented b> Hennques m 1928, the importance of this 
type of compound m the transport of CO2 has been emphasized by the 
studies of Roughton Carbamino compounds nre formed by a spontaneous, 
re\ersiblc reaction betueen CO2 and the free ammo groups of amino 
acids or proteins The plasma proteins and the red cell proteins both 
bind CO2 in this manner It is of special interest that more CO2 can 
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be near 7, although under conditions such as gastric secretion of 
or muscle rigor (of p 486) the \alue may be considerably lower As 
noted previously , the pH of plant tis'-ucs may undergo a diurnal ■variation 
which reflects changes m the concentration of organic acids {cf p 517), 
and ma\ \ary between pH 4 and 6 For a discussion of intracellular 
pH, see Caldwell-® 

Movement of Ions across Natural Membranes^* 

As applied to animal tissues, the term semipermcable membrane 
generally refers to a relatively thm layer (composed of protein and lipid 
material) which separates the bulk of the intracellular protoplasm from 
the extracellular fluid In vacuolated plant cells, the cell membrane 
may be considered to include the relatnely large amount of material 
lying between the cell wall (which is believed to be freely permeable to 
most solutes) and the vacuole containing the cell sap, in which inorganic 
ions arc accumulated Three types of mechanisms for the penetration 
of natural membranes have been proposed, these arc (I) the passage of 
particles througii the pores or holes in the mcmbiane, which may be 
thought of as an organic sieve, (2) solution of particles in the membrane 
lipid, and (3) clicmical interaction between a penetrating particle and 
a constituent of the membrane at the outer surface of the membrane, 
followed by diffubion of the newly formed compound to the inner surface 
and release of the particle The third type of mechanism might involve 
the exchange of one lon for another of like charge, as in lon-exchange 
chromatography (cf p 122) 

The movement of ions acro«s membranes can occur by passive diffusion 
or bv active transport » the latter process is dependent on the oxidative 
metabolism of cells and generally is characterized by the cellular secre- 
tion or cellular accumulation of ions against a concentration gradient 
However, the distinction between passive diffusion and active transport 
IS not always a clear one For example, in most cases that have been 
investigated, it has been observed that the two sides of animal or plant 
membranes differ in electrical potential Such a potential gradient, like 
a concentration gradient, tan cau^c the redistribution of ions across a 
membrane, and this response has been described as passive diffusion 
Although the mechanism by which these potential differences are 
established and maintained is not clear, it must mvoh'e the continuous 

G Caldftell Intern Rev Cytot.S, 220 (1956) 

H T Clarke and D Nachmansohn, Jon Trowtnorl acrojj Membranes, Acadenne 
Pre^, New york, lOM, H 7 andeg^h, Ann Rev Plant Phystal, 6, 1 

arn5, Transport and Accumulation tn Biological Systems, Academic Press, 
New y ork, 1056 
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be clear, therefore, that the comersion of o\j hemoglobin to hemoglobin 
(as O 2 diffuses from the blood to the tissues) proMdes an additional 
supply of K+ to neutralize the newly formed HCOs" This phenomenon 
has been described as the “isohydnc carnage of CO 2 ” 

The \arious reactions inaoKed in the uptake of CO 2 by the blood from 
the tissues are represented schematicallj in Fig 3, the liberation of CO 2 
from the blood to the abeolar air mvohes the re\ersal of the reactions 
shown in the figure 



Fig 3 Reactions associated with the uptake of CO2 and lo^? of O2 by blood 


It should be noted that tissue cells and fluids other than those of the 
blood and kidne> contain buffer systems that make an important contri- 
bution to the neutralization of acids or bases liberated in vivo Such 
neutralization reactions also roa> be accompanied by the redistribution 
of 10 ns between cells and extracellular fluids, as in the formation of 
glandular secretions (eg, saliva, pancreatic juice, gastric juice) In 
addition, the regulation of the over-all balance of body electrolytes and 
of water in mammals is under the control of hormones elaborated by 
the adrenal cortex and the postenor pituitary (Chapter 38) 

Intracellular pH is difficult to define because of the heterogeneity of 
intracellular structure, and it is probable that gradients of H+ concen- 
tration exist between formed elements (eg, mitochondria) and cyto- 
plasmic fluid The average intracellular pH of animal cells appears to 
■-J F Manerj et al , Canad J Biochem Pkystol, 33, 453 (1955) 
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anisms that Imk active transport to known metabolic reactions ha\e not 
been elucidated Although it is probable that the “ion carriers” (the 
substances with which the penetrating ions react m the transport process) 
are organic compounds present in the membranes, their chemical nature 
IS unknown at present 

One of the biological systems in which extensive studies ha\c been 
made of ion transport is gastnc raucosa ^ The secretion of HCl into the 
stomach IS associated with the "oxyntic" or “parietal” cells m the gastric 
mucosa, and the sccretorj activity of these cells depends on their respira- 
tory activity Although the oxjntic cells derive their electrolytes from 
the blood, the acid solution liberated by the cells has a pH of 1 to 2, 
and contains an amount of HCl that is approximately isotonic with the 
total electrolyte content of plasma 

It lias long been known that the release of HCl into the stomach is 
actoinpanied by a transient increase m blood bicarbonate (the so-called 
“alkaline tide”) Experiments in vitTo have indicated that the secretion 
of HCl IS balanced by the uptake, from the nutrient solution bathing 
the nonsecretory side of isolated gastric mucosa, of CO 2 and the release 
of HCOs" The rapid production of HCOs- from CO 2 Js probiblj 
effected bj the enzyme carbonic anhydrase This enzjme is involved 
m the transport of CO 2 from the tissues to the expired air (cf p 021)i 
and IS believed to play a role in the transport of ions in tissues such as 
kidney (cf p 918), pancreas, eye, and brain The activ ity of carbonic 
anhjdrase is inhibited by sulfonamides,*- one of the most effective of 
these IS 2-acetjlammo-l,3,4-thiadiazole-5-sulfonaraide (“Diamox” or 
acetazolcamide) Such inhibitors of carbonic anlijdrase, when ad- 
ministered to animals, alter the ability of the above tissues to secrete 10 ns 
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Antagonism of Ions*® 

The preceding section on the transport of 10ns has dealt raainlj with 
the response of cells to smglc 10ns or single salts However, under 

30 E Hemz and K J ObnnL, Physiol Rexa, 34, 643 (1954) 

31 H Gibian, Angew Chem, 66, 249 (1954), R W Berlmer and J OrlofT, 
Pharmacol Revs, 8, 137 (1056) 

32 D Keilm and T Mann Nature, 146 , (1940) . W H Miller et al , / Am 

Ckem Soc, 72 , 4893 (1950) 

Hober, Pkyncal Chemistry of Cells and Tissues, The Biakiston Co, Phila- 
delphia, 1945 
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expenditure of chemical energ> Thus, m effect, the membrane potential 
IS an electrical manifestation of a biochemical reaction Consequentlj , 
the statement that the distribution of ions betueen a cell and its external 
enMronment is associated uith the difference in bioelectric potential 
across the cell membrane implies that the ionic distribution is the 
ultimate result of some acti\c metabolic process--' 

The actne transport of ions has been studied in mammalian tissues, 
m amphibian skin, in the root ti'^sues of liigher plants, and in micro- 
organisms For example, the maintenance of a high K+ and a low Na+ 
concentration avithin cells of the ner\c tissues such as brain cortex 
and retina has been shown to depend on the aerobic oxidation of glucose 
(or of lactic or pjruMc acid) Similarly, loss of K+ from red cells 
occurs when intracellular energy -jielding reactions arc inhibited, and 
the accumulation of K+ b> >cast cells ceases duung “starvation" of 
cells deaoid of carbohydrate rcsciwes, or is inhibited in actnelj ferment- 
ing cells by azide or by other poisons of heavy mcta|. catalysts Not 
only inorganic ions but also organic ions (eg, ammo acids) are subject 
to active transport It should be noted that the distribution of inorganic 
and organic ions, and of water, is determined both by their passage 
across cell membranes and bv their passage across intracellular 
boundaries, structural units «5uch a& mitochondria and nuclei play a 
role in the uptake or the extrusion of ions by intact cells 
As noted earlier, the passage of both K+ and Na+ across the red cell 
membrane is believed to involve the active transport of each cation 
Apparently, the two ions arc transported by somewhat different mecha- 
nisms, although the active extrusion of Na'*’ may be linked to the active 
uptake of Different mechanisms for the transport of K'*’ and of 

Na+ also have been found in yeast cells and in marine algae Moreover, 
the transport of a given ionic species such as K+ into a single cell type 
can occur both by active transport and by passive diffusion in accordance 
ovith the Gibbs-Donnan law 

The energy required for active transport appears to be supplied by 
processes involving electron trinsfer and the production of ATP by 
oxidative phosphorylation, or by other metabolic processes, but the mcch- 

E Dflvieg, Biol Revs, 26, 87 (1951), yt Bartlej et al Proc Roy Soc , 
142B, 187 (1954), A Leif and A Renshan, Biochem J 65, 82, 90 (1957) 

L M Birt and F J R Hird Biochem J, 64, 305 (1956), J V Taggart, 
Science. 124, 401 (1956) 

A Iv Solomon and G L Gold J Gen Phynol, 38, 371, 389 (1955) , A B Hope 
and R N Robertson Nature 177, 43 (1956) 

M Glynn, / Physiol 134,278 (1956), R L Post and P C JoIl> Biochini et 
^^ophys Acta, 25, 118 (1957) 

E J Conway et al , Biochem J, 58, 158 (1954) G T Stott and H R 
Hayward, / Gen Physiol, (1954) 
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of the fish Fundulus 'jvas counteracted by the addition to the medium of 
bivalent cations such as Ca2+ or Mg2+- In 1906 Osterhout observed 
that certain marine plants soon died if placed in a NaCl solution isotonic 
with <?ea water, although they would In-e for some time m distilled water 
The toxic action of the NaCl solution was markedly reduced bj the 
addition of small amounts of CaCJ 2 and KCl, the inclusion of MgClj 
to give an electrolyte solution containing Na+, K+, and Mg2+ 

in the proportions m which they are found in sea water provided a 
synthetic mixture equal to sea water in its ability to sustain life The 
hypothesis was then proposed that one ionic species may overcome 
the toxic action of another by hindering the entrance of the toxic ion 
into the cell Subsequent experimental trork has provided evidence that 
the apparent permeability of cell membranes is determined by the 
electrolytes present m the external fluid This aspect of ion antagonism 
has been discussed Osterhout,^ by Stiles, and by Davson 
It was noted earlier that many natural membranes exhibit charac- 
teristic bioelectric potentials When ions traverse these membranes, 
as m the secretion of HCl by the gastric mucosa, marked changes occur 
in the so-called "resting*’ potential Similarly, nerve and muscle fibers 
have been shown to exhibit both resting and “action" potentials, and 
It has been well established that the apparent permeability of the tissue 
membranes changes when an impulse passes along a fiber In the 
resting state, the membrane appears to be moderately permeable to both 
K'*' and Cl~ but almost impermeable to Na+ Under these conditions 
Na+ must be subject to active outward transport m order to maintain 
the Na+ concentration within the fiber at its normal low* value How- 
ever, the electric activity associated with the passage of an impulse is 
accompanied by a large, but transient, mcrca‘=c in the permeability to 
Na'^ At this time, Na^ rapidly enters the cell, and its uptake is 
approximately balanced by the outward movement of For a return 
to the resting state, prior to the passage of a second impulse, the initial 
ion distribution must be restored Such extrusion of Na+ and uptake 
of K+ by nerve tissue appears to be associated with the rapid intracellular 
hydrolysis of acetylcholine (p 577) It is of interest that the inhibition 
of the acetylclioline esterase m isolated muscle preparations also inhibits 
the extrusion of Na"^ by tins tissue ■** 

Bactena also exhibit physiological responses that may be associated 
with the antagonistic action of inorganic ions As with higher forms of 

28 VV J V Osterhout J Gen Phynol 39,(Kj3 (1956) 

3®\V Stiles, An. Introduction to the Principles of Plant Physiology, 2nd Ed-> 
Methuen and Co London 1950 

■•''A L Hodgkin, Btol 26, 339 (1951) 

W G Van der Kloot, Nature, 178, 36S (1055) 
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ph^slologlcaI conditions, cells and tissues are in contact T\ith media 
containing a aarietj of ions, and the nonnal behaMOr of Ining matter 
depends on a proper balance among the inorganic anions to \\hich it is 
exposed 

This was first observed bj Ringer in i stud} of the beat of isolated 
frog heart Ringer found in 1882 that, in order to maintain nonnal 
contractilit} , it was necessarj to perfuse the heart with a medium 
containing Na+, K+, and Ca-+ m approximateh the same proportions 
found in sea water It is now recognized that Na+ is required for the 
sustained contrattiliU of all animal muscle and that K+ has a paral}zing 
effect which is antagonized b\ Cn2+ or b} some other dnalent cations 
such as Mg-"^ or Sr-+ The elcctrol}te solution mitnll} de\ised b} 
Ringer has since been used as the basis for media einplo} ed in biochemical 
or plnsiological studies on isolated animal tissues A widel} used 
modification of this solution was de\ eloped b} Krebs (“Krebs-Ringer 
phosphate solution”) It is prepared b} mixing the following solutions 
(1) 100 parts (b^ volume) of 0154 1/ NaCl, (2) 4 parts of 0154 M 
KCl, (3) 3 parts of 0 11 U CaClj, (4) 1 part of 0 154 M MgSOi , and 
(5) 21 parts of 0 16 1/ phosphate buffer (pH 7 4) Since the solution 
IS supersaturated witli respect to calcium phosphate, turbidit} develops, 
this maj be oidcd b} the use of one half of the abo\ c amount of CaCls 
Other modifications of Ringer's solution are described b} Umbreit et al 
Although the effects of cations on contractile tissues cannot, as jet, 
be explained s^tlsfactorll^ in terms of their biochemical action, it has 
been reported that tlie molecular shape and adenosine triphosphatase 
actiMt} (p 4881 of isolated muscle proteins are dependent on the proper 
balance among the uni- and bualcnt jons Since carbohjdrate metabo- 
lism i« of Mtal importance to muscle function, it is of special interest 
that ghcoljsis (bj preparations of muscle, brain, and microorganisms) 
has been reported to be inhibited bj Xa+ and stimulated bj K+ These 
cations influence cnz^mlc reactions in\ol\mg A.TP (cf p 910),®® and it 
has been suggested that such effects maj be related to differences in the 
molecular configuration of the monopotassium and the monosodium salts 
of ATP 3' 

The antagonisms among uni- and bixalent cations first obsened bj 
Ringer w ith frog heart apph to manj other h^ mg tissues of both animals 
and plants For example, Loeb noted m 1903 that the inhibitorj effect 
of high concentrations of NaCl on the dexelopment of fertilized eggs 

\ Krebs Z physxol Chem 217, 191 (1903) 

W W Umbreit et al Manometnc Techniques and Tissue Metabolism, 2nd 
Ed Burgess Publishing Co Mmneapolis 1949 
3®J A Clark and R A MacLeod / Btol Chem , 211, 531 541 (1954) 

C Melchior, J Biol CAcm , 208, 615 (1954) 
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of the fish Fundidm v, as counteracted by the addition to the medmm of 
bi\alent cations such as or In 1906 Ostcrhout obsened 

that certain marine plants soon died if placed in a KaCl solution isotonic 
with sea ^ater, altliough they would live for some time in distilled water 
Tlic toxic action of the NaCl solution was markedly reduced b> the 
addition of small amounts of CaClj and KCl, the inclusion of MgCU 
to give an clettroljte solution containing Na+, K"^, Ca2+, and Mg2+ 
in the proportions m which they are found in sea water provided a 
syntiietic mixture equal to sea water m its ability to sustain life The 
hypothesis uas then proposed that one ionic species raaj overcome 
the toxic action of another bj hindering the entrance of the toxic ion 
into the cell Subsequent experimental work has provided evidence that 
the apparent permeability of cell membranes is determined by the 
electrolytes present in the external fluid This aspect of ion antagonism 
lias been discu‘;sed bv Ostcrhout,*® by Stiles,®* and bj Davson 
It was noted earlier that many natural membranes exhibit charac- 
teristic bioelertnc potentials When ions traverse these membranes, 
as m the secretion of HCl by the gastric mucosa, marked changes occur 
in the so-callcd “resting” potential Similarly, nerve and muscle fibers 
have been shown to exhibit both resting and “action” potentials, and 
It has been well established that the apparent permeability of the tissue 
membranes changes when an impulse passes along a fiber In the 
resting state, the membrane appears to be moderately permeable to both 
K'*' and Cl" but almost impermeable to Na+ Under these conditions 
Na+ must be subject to active outward transport in order to mamtam 
the Na+ concentration within the fiber at its normal low value How- 
ever, the electric activity associated with the passage of an impulse is 
accompanied by a large, but transient, increase m the permeability to 
Ka+ At this time, Na^ rapidly enters the cell, and its uptake is 
approximately balanced by the outward movement of K+ For a return 
to the renting state, prior to the passage of a second impulse, the initial 
ion distribution must be restored Such extrusion of Na+ and uptake 
of K’^ by nerv e tissue appears to be associated with the rapid intracellular 
hydrolysis of acetylcholine (p 577) It is of interest that the inhibition 
of the acetylcholine esterdse in isolated muscle preparations also inhibits 
the extruMon of Na+ by this tissue" 

Bacteria also exhibit physiological responses that may be associated 
with the antagonistic action of inorganic ions As with higher forms of 
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life, the unicellular organisms require for growth and normal function 
a medium of suitable osmotic pressure and ionic composition For 
example, the antagonism between K+ and Na+, already well known in 
excitable tissues such as mu‘'Cle and ncr\e, has been found to applj to 
the growth of lactic acid bacteria^- For these organisms, K+ is an 
essential growth factor, and is required in greatly increased amounts 
when the culture medium contains Na+ or NH4+ Studies with cell-free 
preparations ha\c shown that the antagonism between K+ and Na+ is 
related to their effects on gljeohsis, whereas the antagonism between 
K+ and NH4+ appears to be caused b> the inhibitory effect of NH4 + 
on the uptake of K+ by intact cells 

K MacLeod and E E Snell J Bud Chem . 176, 39 (1948) 


37 


Heat Changes 
in Metabolism 


It was noted previously that the combustion of an organic substance 
(eg, glucose) to CO 2 and water is accompanied bj the liberation of 
energy (cf p 226) If the combustion of glucose is conducted at constant 
temperature and pressure under conditions where no useful work is done, 
the energj that is liberated appears m the form of iieat, whose quantitj 
may be measured m a calorimeter It will be recalled that the heat 
energj liberated at constant temperature and pressure is denoted b> the 
symbol Aff and is termed the change in "enthalpy" or "heat content ” 
This quantitj is, in general, different from the maximum useful energy 
aF that may be derived from the chemical reaction The equation 
aF •^aH — TaS takes account of the quantity of energy (TaS) not 
measured in the usual enthalpy determinations, hence the change in 
free energy is more meaningful than is aH m considering the capacity 


of a chemical reaction to do useful work {p 229) 

Since the classical studies of Lavoisier and Laplace in 1780 (cf p 285), 
it has been recognized that a relation exists between the heat produced in 
the combustion of organic substances and the “animal heat" released 
when such substances are subjected to metabolic oxidation in the animal 
body The term "energy metabolism” has frequently been applied to 
the heat changes observed during the metabolic transformation of 


body constituents and of foodstuffs In particular, clinical studies on 
the factors in health and disease that influence heat production by 


human subjects have tended to equate such heat changes with the energy' 
changes m metabolic reactions It must be remembered, however, that 
the human, and all other biological systems, cannot be considered 
merely as a kind of furnace in Wrhich organic substances are burned in 
the presence of oxygen with tlie liberation of heat, which is then utilised 
(ns in the steam engine) for useful work The discussion in the pre- 
ceding chapters of this book has attompted to emphasize the fact that 
biological systems are extremely complex chemical assemblies in which 
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life, the unicellular organisms require for growth and normal function 
a medium of suitable osmotic pressure and ionic composition For 
example, the antagonism between K+ and Na+, already well known in 
excitable tissues such as muscle and nerve, has been found to applj to 
the growth of lactic acid bacteria^" For these organisms, K+ is an 
essential growth factor, and is required in grcatlj increased amounts 
when the culture medium contains Na+ or NH4+ Studies with cell-free 
preparations have shown that the antagonism between K+ and Na+ is 
related to their effects on gl3Coljsis, whereas the antagonism between 
K+ and NH4+ appears to be caused b\ the mhibitorj effect of NH4 + 
on the uptake of K+ bj intact cells 

A MacLeod and E E Snell, J Bud Chem 176, 39 (19-I8) 
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biological systems is related to the thermodynamic inefficiency of phjsi* 
ological processes Except for conditions iihcre new cellular material is 
formed, most of the energj released on oxidation of nutrients appears as 
heat When there is no change in body state, the quantity of energy 
required to maintain the constancy of the internal en\ ironment usually 
represents a small fraction of the energy potentially available from the 
degradation of food materials 

Erom a physiological point of view, the apparent inefficiency of bio- 
logical processes is of importance in the adaptation of many living 
forms to changes in the external environment By physiological regu- 
lation of the rate of heat production and of heat loss, such organisms 
(homoiothermic organisms) arc able to maintain their bodies at constant 
temperature- Other biological forms (poikilotliermic organisms) are 
unable to regulate their body temperature, but have evolved metabolic 
mechanisms that permit them to survive under conditions of heat or 
cold deleterious to the homoiothermic forms 

Direct Calorimetry in Biological Systems In their studies on “animal 
heat,” La\Qisicr and Laplace placed a guinea pig m a chamber con- 
taining a known v,eight of ice and, from the amount of ice melted, thej’ 
calculated the heat production Another method employed by these 
investigators was to surround the animal chamber vith a knorvn volume 
of natcr and to measure the rise in temperature of the v,atcr The latter 
procedure is, in principle, the basis for more modern methods of direct 
calonmetiy, such as those described by Rubner in 1894 These methods 
ncro brought to a high point m 1897, when Atwater and Rosa described 
a calorimeter for use Tvith human subjects This appaiatus v.as subse- 
quently unproved by Benedict, a detailed description of its construction 
and operation is given by Lusk ® 

Direct measurements of heat production also ha\c been made ^ith 
plants For example, during the genTimation of seeds or the opening 
of flowers, appreciable heat may be evolved, and the temperature of the 
plant tissue may be raised considerably above that of the environment^* 
An indication of the magnitude of the heat production is provided bv 
the observ'ation that germinating seeds of the pea {Pt^um ^ativuTn) 
evolve approximately 4 9 kcal per day per gram 

Studies with microorganisms have indicated appreciable heat produc- 
tion in the course of their metabolic activity For example, EschencMa 

2 J D Hardy, Harvey Lectures, 49, 242 (1955) 

Lu«k, Flemcnts of the Science of ffulrtlion, 4th Ed, Saundfra sad Co, 
PhiUdelphia 1928 

* M Thomas. Plant Physiology, 3rd Ed , J and A Churchill Ltd , London, 1917 

® W Stiles, /nirocfuction to Principles of Plant Physiology, 2nd Ed , Methuen 
Co , London, 1950 



HEAT CHANGES IN METABOLISM 


929 


endergonic reactions are druen by specific coupling with exergonic 
processes Any heat energy that is e\o!ved in the course of this meta- 
bolic activitj IS unavailable for useful work at constant temperature 
For example, the formation of ADP from ATP (at pH 7 5 and 20° C) 
in the enzvmic transphosphorjlation reaction bj \\hich creatine is con- 
verted to creatine phosphate (p 379) is accompanied by a relatuelj 
small change m a 7/ (ca — 1 kcal per mole) On the other hand, the 
aHocjs for the formation of ADP and inorganic phosphate by the 
reaction of ATP \\ith \^ater (m the presence of ATP-ase) is much 
larger (ca —5 kcal per mole) Clearly, the heat liberated during the 
con\ersion of ATP to ADP in a calorimeter is unavailable for chemical 
nork, and, therefore, the hydrolytic process may be said to be more 
"wasteful” than the transphosphorylation reaction In large measure, the 
production of heat by biological systems may be considered a conse- 
quence of the "inefficiency” of the chemical and physical processes in 
such systems In the example cited above, the hydrolysis of ATP 
contributes to metabolic inefficiency and leads to a dissipation of useful 
energy' Howc\cr, if, as belicxed by some investigators, the hydrolysis 
of ATP can be coupled in mammalian muscle to mechanical work 
(p 488), the chemical hydrolysis is not entirely "wasteful” in this tissue, 
although it may be "wasteful” in another biological system 

It must be rc-emphasizcd that a biological system does not operate in 
the same manner as a bomb calorimeter, and that all dissipated energy 
does not necessarily appear as heat As pointed out by Clark ^ 

The energy changes m the body ire manifold It is only when these manifold 
energy -changes between bo(ly-statc& A ind B have been such that the second 
state B IS the same as the previous state A, and when all additional forms of 
energy -change have been degraded to heat, that a measurement of the heat 
produced is meaningful 

Many studies have been performed on the production of heat by animals, 
plants, and microorganisms In numerous instances these studies in- 
volved the direct calorimetric measurement (with apparatus of widely 
varying precision) of the heat output Furthermore, assumptions were 
made to permit a calculation of the extent of heat production without 
an actual calorimetric measurement (indirect calorimetry, p 931) Such 
direct and indirect measurements of heat changes in biological systems 
have considerable practical value, and, when applied to human subjects, 
provide empirical data of considerable importance in clinical practice 
For the student of biochemistry, however, it is important to remember 
that such heat changes are related in an extremely complex manner to 
chemical reactions in metabolism, and that the production of heat in 

^ W M Clark, Topics tn Physical Chenaatry 2nd Ed , Williams and Wilkins Co , 
Baltimore, 1952 
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The uptake of 1 liter of O2 for the oxidation of protein corresponds to 
a production of 4 463 kcal, consequentH, the excretion of } gram of 
unnarj nitrogen corresponds to the liberation of 26 5 kcal from protein 
oxidation 

The calculation of heat production by indirect calorimetry may be 
illustrated by the following example Assume that a human subject 
consumed (per hour) 17 liters of oxygen and, during the same time, 
eliminated 14 liters of COj and 05 gram of urinary nitrogen The 
oxidation of the protein represented by the urinary nitrogen maj be 
calculated as follows 

0 5 X 5 94 “ 2 97 liters of oxygen consumed 

0 5 X 4 76 = 2 38 liters of CO 2 exhaled 
If these \alues are subtracted from the volumes of gas measured in the 
gas analysis apparatus, it foHow’s that 14 liters of oxygen were con- 
sumed for the oxidation of carbohydrate and fat and 11 6 liters of 
CO2 ^'ere derived from the oxidation of these metabolites The ratio 
11 6/14 “ 0 83 gives the nonprotem RQ From Table I (expanded 
form) it may be noted that this R Q corresponds to the production 
of 4 838 kcal per liter of O2 consumed Hence 4 838 X 14 “ 6773 
kcal were domed from the oxidation of carbohydrate and fat, and 
05 x 265 “ 1325 kcal were derived from the oxidation of protein 
Thus the heat production by the subject may be calculated to be about 
81 kcal per hour, or 1944 kcal per day 

It must bo added that, under a variety of metabolic circumstances, 
the nonprotem RQ may have a value outside the range 0 7 to 10 
An example is the situation when appreciable quantities of carbolijdrate 
are converted to fat In this conversion chemical energj’ liberated by 
the oxidation of a portion of the carbolijdiate is utilized for the synthesis 
of long-chain fatty acids from C2 units (cf Chapter 25) w’hich are not 
oxidized to CO2 and w ater R Q values of 1 2 to 1 5 are frequently 
observed under these conditions since carbohjdiate may be considered 
to provide “endogenous” oxygen for the oxidation of fats, whose oxy'gen 
content IS appreciably ioner than that of carbohydrates 

The general principles of indirect calorimetry have been applied not 
only to the study of man and experimental animals but to plants and 
microorganisms as well However, calculation of heat production from 
tlie magnitude of the respiratory exchange is subject to considerable 
uncertainty m these systems In some plants, for example, little CO3 
IS released at night, althougli much oxygen is taken up, this is associated 
with the accumulation of organic acids With germinating seeds, RQ 
values of 0 6 to 3 have been reported^® 

»2W Stiles and VV Leach, Proc J{oy Soc^ H3D, 405 (J933) 
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coll produces, during the first hour of its growth cjcle, approximately 
6X10“^- cal per cell® Clearlj, the heat production of a growing 
microbial culture is a measure of the energy not utilized for the chemo- 
sjnthesis required for cell multiplication This maj be illustrated b> 
data on Nitrohacter, which dernes its energy cxclusI^cl 5 from the oxida- 
tion of nitrite to nitrate (cf p 679) At the concentration of nitrite 
(3 03 M) found to be optimal for the growth of this organism, the 
free-energj change in the oxidation of nitnte to nitrate is AFoog = — 17 5 
kcal ^ Under conditions fa\orabIc for growtli, the comersion of 1 mole 
of CO 2 into organic matter (assumed to ha\e the same energj content 
as glucose) requires the concomitant oxidation of approximately 90 moles 
of nitrite to nitrate Since the free-energj change in the conxcrsion of 
COo to glucose IS approximately 115 keal per mole of CO 2 , tlie thermo- 
dymamic efficiency of Nitrohacter may be estimated to be 
1 1 c 

90X175 X1«0 = 73 percent 

Experimental determination of the heat production by Nitrohacter lias 
shown that approximately 95 per cent of the energy axnilablo from the 
oxidation of nitrite to nitrate appears as heat energy which may be 
measured in a calorimeter® 

Other microorganisms exhibit considerably higher “machine efficiency ” 
in their synthetic actuity Thus the synthesis, by Chxlomonas, of the 
hexose units of starch from acetate is accomplished with an efficiency of 
about 27 per cent For a discussion of efforts to determine the thermo- 
dynamic efficiency of assimilate e processes, see Hutchens® 

Indirect Calorimetry The measurement, by direct calorimetry, of 
the heat output of animals requires expcnsi\e apparatus, and an indirect 
method is frequentlx employed for this purpose Indirect cilonmetry is 
based on the assumption tliat the o'cr-all reaction for the degradation 
of a metabolite (or bod\ constituent) is the same in the animal body as 
in a bomb calorimeter Tins is approximately true for the metabolic 
oxidation of carbohydrates and fats m normal animals, howexer, the 
oxidation of proteins in animal metabolism is less complete than m a 
bomb calorimeter, and correction factors must be applied 
As will be seen, it is possible to calculate, b\ the “indirect method,” 
the heat production of animals from data for oxygen consumption, CO 2 
production, ind the quantity of urinary nitrogen Of special importance 
IS the measurement of the respiratory exchange, sex’eral experimental 

Bajne-Jones and H S Rhecs J Bad 17, 123 (1929) 

’L G M Bais-Becking and G S Park* Pkynol Revs, 7, 85 (1927) 

®0 Mejerhof, Pflitg Arch, 164, 353 (1916) 

®J 0 Hutchens Federalxon Proc, 10, 622 (1951) 
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100 kcal of energy (as measured by the extent of oxygen consumption) 
The maximal "gross efficiency” is thus said to be 25 per cent 

Since the heat production of human subjects vanes considerably with 
age, sex, and activity , the level of food intake required to balance this 
output must be adjusted accordingly Thus an adult individual, engaged 
in a sedentary occupation, requires a daily diet whose "caloric value" 
is approximately 2000 to 2500 kcal, and which contains optimal pro- 
portions of protein, fat, and carbohydrate On the other hand, men 
engaged m heavy manual labor may require a food intake correspond- 
ing to 4000 to 6000 kcal per day Clearly, these figures apply to the 
caloric requirements for the maintenance of body form and function 
(the basal metabolism) plus the requirements for muscular work "WTien 
new tissue is formed, as in the growtth of children, the food intake must 
be increased For further discussion of these and related topics, see 
Sherman 

1® H C Sherman, Chemtslry of Food and Kulnlion, 7th Ed , The Macraillaa 
Co , New York, 1916 
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Basal Mefabolism The heat production of homoiothermic animals 
IS influenced bj a \ariety of factors, such as the external temperature, 
the nature of the diet, the extent of muscular actnitj, and emotional 
stress To determine the effect of these and other factors on the respira- 
tory exchange and lieat production, it is necessary to define a “basal 
state ” The metabolism (basal metabolism) at this state may be con- 
sidered to be the totality of the processes required to maintain the status 
quo of the organism For human subjects, the basal state is defined as 
that at nhich the indnidual is supine, motionless, and calm, has not 
eaten for 12 to 14 hr (“postabsorptive" state) , and is m a room main- 
tained at 20® C The heat production per unit time under these condi- 
tions IS termed the “basal metabolic rate” (BJIR), and is expressed in 
kilogram calories per square meter of surface area per hour Empirical 
studies hn\e shown tint the heat output of human subjects per unit of 
surface area is independent of ^a^ntlons m height, weight, or shape 
Since the routine determination of the surface area of the human body 
is a tedious operation, use is made of DuBois’ formula 

log ^ - 0 425 log fl -f- 0 725 log H 1 8564 
where A is the surface area (in square centimeters), W is the weight 
(in kilograms) and H is the height (in centimeters) 

Many studies ha\e been made of the basal heat production of adult 
animals of widely \arying size The data of Benedict's support the Mew 
that a proportionality exists between the logarithm of the heat production 
and the logarithm of the body weight The results gnen in Pig 1 are 



rig 1 Lognntlimic plot of basal heat production igamst mean bodv weight for 
eei craJ species (From F G Benedict 

^^F G Benedict 1 ilal Energetics, Carnegie Institution, Washington, 1938 
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organs (e g , the gonads) and (2) the interaction of hormonal and 
neural processes in the determination of animal behoMor The latter 
aspect of the physiology of hormones points to the fact that these sub- 
stances roust be considered as components m a complex and highlj 
integrated mechanism nhich also imohes the ner\’ous system Of the 
many stimulating discussions of this integration, the classic monograph 
of Cannon' is especiall> recommended 

The term “hormone” (GrccL. hormon, arousing, exciting) nas intro- 
duced into the ‘scientific literature b> Ba^hss and Starling, who m 1904 
described the stimulation of the secretion of pancreatic juice bj a chem- 
ical substance (secrelin) v.hich is liberated b> intestinal cells into the 
blood and carried to the pancreas Tht history of research on hormones 
may be traced, bowc\cr, to observations made in the nineteenth centurv 
that manj of the physiological effects of the surgical removal of one 
of a number of organs (tc'stis, pancreas, etc ) could be counteracted 
by implantation into the animal of the appropriate glandular tissue or 
by the injection of a suitably prepared extract of that tissue These 
findings led to the study of the hormones elaborated by these “endocrine ’ 
organs (Greek endon, nithin, knnein, to «eparatc), and this area of bio- 
chemistry IS non designated “endocrinology ” Much of the research in 
this field has been concerned aith the punfication and chemical charac- 
terization of indundual hormones, and the availability of well-defined 
preparations of the hormones has permitted the closer study of their 
role and interrelationships in metabolism A valuable treatise dealing 
nith the extensive literature on endocrinology has been edited by Pincus 
and Thimann ^ 

The regulation of metabolism by substances elaborated in one part of 
an organism and transported to the site of hormonal action, is not limited 
to higher animals, m the latter part of this chapter, some of the hormones 
of invertebrates and of higher plants uiU be considered 


Mammalian Endocrine Organs 

Pancreas The demonstration of the endocrine function of the paO' 
creas stems from the discovery made by von !Menng and ^^linkoviski lO 
1889 that the surgical removal of this organ (pancreatectomy ) from 
dogs was followed by symptoms akin to tlio-e long known to he as-o- 
ciatcd with diabetes meUitus This disease of man is characterized by a 
marked loss of weight, a pronounced increase in the blood sugar level 

1 W B Cannon. The Tl mJotti of the Body, 2nd Dl W B Norton Co 
lork, 193a 

2G Pmeus and K V Thimann. The Hormone^, VoU l-III, Academic Pre-.'s 
New York, 1948, 1950, 1955 
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The Hormonal Control 
of Metabolism 


A remarkable feature of the phjsiologital acti\ity of animal organisms 
IS the regulation of the mjnad biochemical processes so as to result in 
a relatuc constancj m the concentration of manj important metabolites 
m the tissue fluids Mention nas made on p 497 of the regulation, m 
normal human subjects, of tlie blood sugar level, clearlj, there must be 
phjsiological mechanisms by which a balance is maintained among the 
processes that cause the breakdown of glucose m the tissues (gljcoljsis), 
the conversion of glucoac to gl>cogcn (glycogcnesis), the conversion of 
li\er glycogen to blood glucose (gl>cogenol>sis), and the formation of 
glucose from noncarbohjdratc precursors (gluconcogcnesis) This main- 
tenance of the blood sugar Ic\el is another striking example of "homeo- 
stasis” (p 914) , m such physiological regulation of complex metabolic 
processes, a \ariety of chemical substances, termed "hormones,” occupy 
a central role 

In the mammalian organism, the hormones are secreted into the blood 
by specialized ductless organs ("organs of internal bccretion”), and are 
carried by the circulation to other tissues, where the action of the hor- 
mones is exerted The aaailablc knowledge indicates that hormones do 
not, m themselves, initiate biochemical processes, but rather that these 
"chemical messengers” effect, in extreinelj small concentrations, the 
acci-leration or inhibition of metabolic processes in the “target” tissues 
Although it IS widely assumed that the hormones control the rates of 
metabolic processes b> influencing the activity of specific enzjmes, the 
experimental evidence for this view is largely indirect 

In the present chapter, pnmarj emphasis will be placed on the 
hormonal regulation, in higher animals, of the metabolism of carbo- 
hj drates, lipids, and proteins, and of the clectrolj te balance It must be 
added, however, that the hormones exert physiological effects whose bio- 
chemical attributes are not clearly understood at present, among these 
effects are (1) the hormonal control of the development of specialized 
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and the determination of the rate and extent of the lowering of the blood 
sugar level 

In the intact animal, circulating insulin is destroyed relati\eh rapidlj, 

1 probably by protfiinases (“insulmase”) present in tissues such as the 
Iner** The relation oi' insulmaseTo the known cathepsms (p 700) has 
^ not been established A variety of chemical substances, upon adminis- 
tration to a suitable animal, cause a fall i n blood sugar , among these 
“hypogl^ceimc” agents are several indolyl compounds, which may exert 
their effect by an inhibition of msulihase action A group of drugs exten- 
sively tested as possible therapeutic agents in human diabetes j^re 
a rvlsulf oD\ lurea den\ati\es such as _N“toluenesulfonyl-N'-n-butylurea 
(Orinase, Tolbutamide) , although the oral admini^r^tion of these com- 
pounds exerts a hypoglycemic effect m^^some diabetics and in experimental 
animals (but not in alloxan-diabetic rats), the mode of their action has 
not been elucidated ’ 

I n 1923, Kimb all and Murhn fyiftnd m pancreas a substance that^causes^ 
a"7nse in blood sugar upon tlinUuvenous lujea ion 
Mammals This hyperglycemic factor (glucagon, HG-factor) appears to 
'be elab'orated by the e-cells of the islet tissue, and is frequently present 
in insulin preparations as an impurity, the administration of such impure 
insulin preparations may lead to an initial rise in blood sugar, followed 
by the hypoglycemia characteristic of insulin action Glucagon has 
been obtained in crystalline form,® and found to be a polypeptide 
haxing the following ammo acid sequence ® 

His-Ser-Glu(NH 2 )-GIy-Thr-Phe-Thr-Ser-Asp-Tyr-Ser- 
Lys-Tyr-Leu-Asp-Ser-Arg-Arg-Ala-Glu (NHa ) -Asp-Phe- 
Val-Glu (NHo ) -Try-Leu-Met-Asp (NHs ) -Thr 
^ The secretion of insulin from the pancreas is stimulated bv many 
factors (cf p 959) , including hyperglycemia caused by the administra- 
tion of glucose, or by the action of glucagon In turn, glucagon secre- 
tion appears to be stimulated by hypoglycemia induced by insulin 
Thyroid Gland This organ of internal secretion^ located in most 
species in the form of two lobes on either side of the trachea, was named 
the thyroid b v \yhartenJ 16561 because of its resemblance to a shield 
(Greek thyremdes, shield-shaped) The recognition of its endocrine 

CM Vaughan, Btochim et Biophys Acta, 15, 432 (1954), I A Mirsky et al, 

J Btol Chem , 214, 397 (1955) , 228, 77 (1957) 

71 A Mirsky et al , Endocnnology, 59, 715 (1956), C \ Holt et al , Science, 
125, 736 (1956) 

8 A Staub et al J Biol Chem, 214, 619 (1955) 

» W W BrOmer et al , J Am Chem Soc, 79, 2807 (1957) 

10 E M Brown Jr , et al , Endocnnology, 50, 844 (1952) 

” P P Foa et al , Am J Physiol, 171, 32 (1952) 
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pendent of the lodmation reactions, since the administration of “anti- 
thj roid” substances (sulfonamides, substituted thioureas, thiouracil and 
its dcniatives) only inhibits the formation of the hormone These drugs 
cause a clinical condition known as goiter, charactcrixcd by the enlaigc- 
ment of the thjroid gland, and are believed to interfere with the enzvmic 
synthesis of thyroxine The most frequent cause of goiter is an inade- 
quate intake or utilization of iodide Tliiocyanate ion also inhibits the 
formation of thyroid hormone, and induces goiter, this effect probably 
18 caused by an inhibition of iodide absorption bj the thyroid, and can be 
counteracted by the administration of large amounts of iodide 
The principal effect of a tliyroid insufficiency is a marked decrease 
in the ba'ial metabolic rate (p 935), this was discovered by hfagnus- 
Levy m 1896 In young individuals hypothyroidism is accompanied by 
an inhibition of growth and normal development The human disorder 
knowTi as iretinism is a consequence of hypothyroidism m infancy, the 
disoaso IS characterized by dwarfism and retarded mental capacities 
Studies on muscle tissue excised from Ihyroidcctomizcd mice shoaed 
that the rate of oxygen uptake is much less than for muscle from normal 
mice Similar results with other tissues suggest that a major biochemical 
role of thyroxine is to accelerate the rate of oxygen uptake This viea 
18 concordant with the finding that the tissues of thyroidcctoroizcd rata 
contain less than one half the amount of cytochrome c (cf p 358) found 
in normal animals, if thyroxine is injected, the normal level of this 
important electron earner is restored Furthermore, the level of TPNH- 

cytochrome c reductase (p 341) activity is reduced in the liver of 
thyroidcctomized rats, and can be partly restored by the ddraimstra- 
tion of thvroxinc"^ 

It was mentioned previously that thyroxine “uncouples” oxidative 
phosphorylation by rat liver mitochondria (p 385) This effect, which 
is also exerted by other lodothy ronines, does not appear to be a direct one, 
but IS related to the action of the hormone in promoting the swelling of 
liver mitochondria The possibility exists, therefore, that the hormone 
influences oxidative phosphorylation by altering the permeability of the 
mitochondrial membrane It is of interest that mitochondna from some 
tissues (spleen, brain, testis) do not exhibit appreciable swelling upon 
incubation m the presence of thyroxine, when ‘'lices of these tissues are 
prepared from animals treated with thyroxine, their oxvgen consumption 
does not differ markedly from that of tissue sheas from untreated animals 

10 E B Astwood Ann N Y Acad Set, 50, 419 (1949) 

-®D L Drabkm, J Biol Cficm , 182, 335 (19?») 

2»A H Phjihp-jaad R G Ungdon, Biocfciin el Biophi/s Ado, 19, 380 (1956) 
“2D F Tapley and C Cooper, / Biot Cftem, 222, 341 (1956), Nalvrc, 178, 
U19 (1956), F Dickens and D Salmonv, Biochem }, 64, 645 (1956) 
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nature came, during the nineteenth centurj, from the clinical studies bj 
Gull and others on the human disease mvxedcma. characteri zed by a 
^“s^' ellnii ol tuc sk in on t he face and exfemities, biu ^Iar weakness, and 
"m^ressi^e diminution m mentallilCTtness Subsequent in\^tigations 
‘^sho^d that partial ^ complete extirpation "of the thjroid led to symp- 
toms similar to those obser\ed m mjxedema, and that the symptoms 
could be ameliorated bj the administration of extracts o f_the gland In 
18 9.*^ Baumann de monstrated the presence of unusua lly l arge amounts 
of iodine in the th 5 roid, and later work sllo;^ ed thiTiod ine to bo large ly 
bbur^ io a Protein (th;vroglopiilin) whose narticlc weight is _abnut 
650.000 . Upon hjdroljsis ^ith alkali, thjroglobulin is clea\ed to jield 
the amino acid thvroxine . first isolated Kendall and i^hose 

structure \^as sho^n bj Hanngton*- (1926n^o"be~3^5]3^'-tctraiodo- 
S:=Thy7TnTifuf^tp~C9T bin^the "administration of th\roMnc causes the , 
physiological effects obsened viith th>roid extracts, this ammo acid nas 

lo ng considered to be the sole acti\e principle el aborated b > the gland 
Subsequent u ork showed that 3,6,3'- and 3,3',5'-triiodoth>ronine, as ^ell*^ 
as 3,3'-diiodothjronine, are constituents of thyroglobuhn’® and are active 
as hormones, 3,5,3'-triiodoth>romne exhibits greater liormonal activity 
than does thyroxine It appears, however, that the principal circulating 
hormone is thyroxine (or small peptides of thyroxine) liberated by the 
proteolysis, in the thyroid, of thyroglobulm This protein represents the 
storage form of the hormone m the endoenne organ The blood thy- 
roxine appears to be bound to plasma protein (probably an a-globulm'®) 

In normal human subjects the level of scrum iodine is 4 to 8 fig per 
100 ml In myxedema and other hypothyroid states the scrum iodine 
may drop to 1 fig per 100 ml, in hyperthyroidism (eg, in Graves’ or 
Basedow 's disease) the lev el may reach 15 to 20 fig per 100 ml Thyroxine 
is excreted as a glucuronide,'’' probably formed by an enzymic reaction 
with UDP-glucuronic acid (p 537) 

Thyroxine and the other lodothy ronmes arc made by the lodination of 
tyrosine (p 831) in the thyroid gland, which traps iodide ion supplied 
by the circulation^^ Presumably, I” is oxidized to I 2 , which is thought 
to combine rapidly with tyrosine residues of thyroid protein^® The 
process whereby the gland removes iodide from the circulation is inde- 

13 C R Harmgton, The Thj/TOtd Gland, Oxford University Press, London 1933 
Proc Roy Soc 132B, 223 {19«) 

13 J Roche et al , Biochim et Btophys Acta 19, 308 (1950) 

Tong et al J Biol C/iepi , 191, 6C5 (19oI) 

15 J Robbins ct al , J Biol Chem , 212, 403 (1955) 

10 A Taurog et al J Biol Chem 194, 655 (1952), J Roche et al Bwchxm et 
Biophys Acta 13, 471 (1951) 

17 C P Leblond and J Gross Fndoennotogy, 43, 306 (1948) 

18 A Taurog et a! , / Biol Chem 161, 537 (1945) , 213, U9 (1955) 
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Adrenal Glands These paired rounded organs, also termed supra- 
renal glands, he near the kidneys, and are compond of two types of 
tissue which differ histologically and functionally The central portion 
Hhe mtidnUa) of each mammaliati adrenal is sharply differentiated from 
the outer portion fthc coTttx^, "which is the more essential for life 

The adrenal medulh secretes epmophrme (adrenalin, p 828) and the 
closely related norepinephrine (noradrenahn, f-artcrcnol, p 828) On 
intravenous injection, epinephrine causes an immediate and pronounced 
elevation m blood pressure This action is due to two factors (1) a con- 
striction of arterioles in all tissues except the heart and muscles, and 
(2) a specific stimulation of tiie rate and force of contraction of the 
heart In addition, epinephrine causes an increase m the rate of glyco- 
genolysis in the hver and muscle (p 960) 

The adrenal cortex is the source of a number of steroids that possess 
hormonal activity in the regulation of carbohydrate metabolism and of 
electrolyte balance Although approximately thirty crystalline steroids 
ha\e been isolated from adrenal cortical extracts, the compounds of 
special interest are l7-hydroxy-ll-dehydrocorticostcronc (cortisone, com- 
pound E), 17-hydroxycorticosteronc (cortisol, hydrocortisone, compound 
E), corticosterone (compound B), ll-dohydrocorticoslerone (compound 
A), 17-hydroxy-ll-deoxycortitosterone (U-deoxycortisol, compound S), 
ll-deoxycorticosterone (cortexonc, DOC), and aldosterone, the formu- 
lae of these seven compounds are shown on p 689 The adrenal corti- 
cal hormones present in the venous blood leaving the gland are principally 
cortisol, corticosterone, and aldosterone, m most animals, cortisol is the 
major component with lesser amounts of the other two Cortisol does 
not appear to be secreted by the rat adrenal, and corticosterone appears 
to be absent from the adrenal secretion in the monkev The biosynthesis 
and the metabolic breakdown of the adrenal steroids have been discussed 
m Chapter 26 

The essential role of the adrenal cortex in the maintenance of hfe 
w'as first indicated in the clinical studies of Addison, who m 1855 drew 
attention to the fatal disease (now termed Addison's disease) charac- 
terized by a variety of symptoms, which include general apathy, g'vstro 
intestinal disturbances, muscular weakness, and discoloration of the 
skin, on autopsy, degeneration of both adrenal cortices is obsened 
During the period 1920 to 1930, reliable surgical methods were dei el- 
oped for the remo\al of the adrenals (adrenalectomy) of experimental 
animals In most animals adrenalectomy is fatal, dogs may sunne for 
5 to 15 days after the operation, and rats survive longer Adrenak^^' 
tomized animals exhibit loss of appetite (anorexia), muscular weakness, 
hemoconcentration, hypoglycemia, and extreme susceptibility to all type^ 
of stress (cold, heat, injury, infections, toxic chemicals, etc ) The"® 
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The action of the lodothyronines in promoting oxjgen uptake and in 
inhibiting oxidative phosphorylation is also exhibited by the correspond- 
ing lodothyroacetic acid dcrixatnes (the alanine group of thyronine is 
replaced b> — CH 2 COOH) 3,5,3'-Truodothyroacetic acid is active as 
a hormone, and has been identified in rat kidney after injection of 
3,5,3'-triiodothj ronmc 

One of the most striking effects of thjroid hormones is tlic acceleration 
of metamorphosis in amphibia (c g , frog, salamander) This phenom- 
enon (discovered b\ Gu der natach m 1912) is so sensitne a test that the 
^adpole hag been \\idclr^etKl5~the assay of the potency of th>roid^ 

propflfflbnns 

■ Por^hyroid Glands These endocrine organs usually are found as 
tno pairs of glands in close proxiraitj to the thjroid In early studies of 
the effect of thjroidoctom> on dogs and cats, the parathyroids also were 
removed, and tlie resulting nenous irritability, followed by tetany, con- 
vulsions, and ultimately death, were attributed to thxroid insufficiency 
The discoxery of the parathyroids (Sandstrom, 1880, Glcy, 1891) led 
to the demonstration that the ner\ous symptoms were caused by the 
absence of the hormonal secretion of tlicst glands The parathyroid 
hormone appears to be protein in nature, but only partially purified 
preparations ha\e been described-'' 

The effects of paratliyroid insufficiency on the nervous system are 
closely associated with a marked decrease in the level of calcium ion in 
the circulating fluids, and tlie sy'mptoms may be relieved by the adminis- 
tration of Ca2+ salts The decrease in serum calcium, observed in 
hypoparathyroidism, is accompanied by an appreciable increase in the 
inorganic phosphate of the scrum The administration of preparations 
of the parathyroid hormone causes a rapid increase m the rate of urinary 
excretion of phosphate, with a concomitant drop in the level of serum 
phosphate This effect lias been attnbuted to the action of the hormone 
on the rcabsorption of phosphate by the kidney tubules The para- 
thyroid hormone exerts a direct influence on the metabolism of bone, 
leading to an increased release of bone Ca2+ and citrate into the blood 
However, the manner m which the hormone acts on the kidney and on 
bone IS unknown, nor has it been established whether the effects on phos- 
phate rcabsorption and on the release of calcium and citrate are caused 
by the same component of the hormone preparations used 

■3J Roche et al Endocnnology, 59, 425 (1955) 

T C Bniice et a! / Btol Ckem, 210, I (1950 

25 VV F Ross and T R Wood, J Biol Ckem, 146, 49 (1912), M V L’Heureux 
ot al , ibtd, 168, 167 (1947) 

26 R O Creep and A D Ixenney, in G Pincus and K V Tliimann, The 
Hormones, V’ol III Chapter 4, Academii. Press, New york 1955 
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Imman disease diabetes insipidus, which is characterized by an abnormally 
largo exchange of n ater (a daily intake and output of as much as 20 liters, 
instead of ca 15 liters) , and which is due to damage to the posterior 
pituitary 

The \aripty of physiological effects caused by total hypophysectomy, 
or by the clinical condition (Simmonds’ disease) in uhich there is impair- 
ment of the anterior pituitary, is a consequence of the multiple nature 
of the hormonal secretion of this gland At least six nell-deSned 
hormones ha\c been isolated from the anterior pituitary (Table 2)^'’ 


Table 2, Hormones Elaborated by the Anterior Pituitary 


Hormone 

Corticotrophm (adrenocorti- 
cotrophic hormone, ACTH) 
ThjTOtrophm (thj rotrophic 
hormone, thyroid-atimuht- 
mg hormone TSH) 
roUicIe-'itimulating hormone 
(FSH) 


Luteinizing hormone (LH, 
mterstibal ceU-atmulatmg 
hormone, ICSH) 


Prolactin (lactogenic hor- 
mone) 

Gron-th hormone (somato- 
trophm) 


Target Organ 


Physiological Effects 


\d renal cortex 

Secretion of adrend cortical 
steroids 

ThjTOid 

Elaboration of thyroxine 

0\ary 

Des elopment of follicubr 
tissue 

Tcstis 

Spermatogenesis , develop- 
ment of Bemmifctous 
tubules 

Ovary 

Dei elopment of corpus lu 
teum , secretion of proges- 
terone 

Testis 

Dc\ elopment of interstitial 
tissue, secretion of male 
sex hormone 

Mammary gland 

Secretion of milk 

General effect on 

Retention of protein, groivth 

tissues 

of muscle and bone, me- 
tabolism of c'vrbohjdrate 
and fat 


Four of the pituitary hormones hslod m Table 2 (ACTH, TSH, FSH, 
and LH) are “trophic” hormones (Greek trophxkos, nursing), this 
designation dernes from the effect of these hormones in “nourishing, 
or counteracting the degeneration of tho appropriate target endocrine 
organ The administration, to normal animals, of one of the tropluc 
hormones leads to hjperfunction of the target gland The trophic hor- 
mones are frequently denoted “tropic” hormones (eg, th\rotropic 
hormone) to indicate that the target organ responds to the stimulus of 
the hormone (Greek, -tropos, turning) 

Studies on the metabolic effects of the hormones listed m Table 2 baie 


A White, Revs, 26, 574 (1916) 
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symptoms may be counteracted and the life of the animals maintained by 
the injection of an extract of adrenal cortex m a lipid sohent The im- 
portant role of the adrenal cortex in the maintenance of the electrolyte 
balance is sho^n by the fact that the administration of sodium chloride 
(in the drinking T\ater) to an adrcnalectomized animal is sufficient to 
prolong life Ho\ve\er, other physiological consequences of adrenal in- 
sufficiencj arc not corrected bj the administration of salt, this question 
i\ill be considered later in this chapter 

Because of the \arietj of physiological effects observed upon the injec- 
tion of adrenal cortical steroids into adrenalectomized animals, the choice 
of the method of biological assav is a matter of considerable impor- 
tance-^ Among the criteria that have been employed for such assays 
are (1) decrease in the urinary ratio of Na+ZK"^ m adrenalectomized 
rats or mice, (2) promotion of the survival and growth of young adre- 
nalectomized rats, (3) prolongation of the survival time of adrenalec- 
tomized dogs, (4) improiement in the muscle-work performance of 
adrenalectomized rats, (5) increase m the liver glycogen of fasted rats 
or mice A comparison of the activity of the seven steroids in such tests 
IS given in Table 1 Although all the steroids tested show biological 


Table I Approximate Relative Activity of Adrenal Cortical Steroids 
in Adrenalectomized Animals 



Urinary 

Growth and 


Muscle- 

Glycogen 


Na+/K-" 

Survival 

Survival 

Work Test 

Deposition 

Steroid 

(Rats) 

(Rats) 

(Dogs) 

(Rats) 

(Rats) 

Cortisone 

0 6 

2 6 

0 5 

10 

10 

Cortisol 

0 8 

0 5 


19 

16 

Corticosterone 

1 4 

1 7 



5 

ll-Dehydrocorti- 






costerone 


1 0 


5 

5 

11-Deoxj cortisol 

0 8 



0 2 


Cortexone (DOC) 

10 

10 

10 

0 2 

0 1 

Aldosterone 

1000 


250 


3 


activity in promoting the growth and survival of young rats, the com- 
pounds that are oxygenated at carbon 11 of the steroid nucleus are more 
active in promoting gly cogenesis and in improving the muscle-work 
performance It will be noted that aldosterone is the most effective 
steroid in promoting survival, and that cortexone (DOC) is also more 
effective m this respect than are the other 11-oxygenated steroids Since 
aldosterone and DOC are especially active in the regulation of the 
electrolyte balance (as shown by the effect on the Na+/K+ ratio), 
the prolongation of life is directly related to the action of these two 
hormones in promoting the retention of Na+ and the excretion of K+ 

I Dorfman, PAj/siot , 31^ 13S (1954) 
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In this connection it may be added that similar reduction m the 
adrenal ascorbic acid and cholesterol is observed ^hon normal animals 
are subjected to a variety of sticss (injury , cold, heat, drugs, toxins, lack 
of oxygen, etc) H> pophj scctomiacd animals do not show a drop m 
the adrenal ascorbic acid or cholesterol under these conditions As noted 
earlier, the adrenal cortex is indispensable in enabling an animal to resist 
manj unfavorable changes in its environment, since the secretory action 
of this tissue IS under the control of the anterior pituitary, it is clear that 
the pituitary-adrcna) relationship represents one of the most important 
homeostatic mechanisms m animals The mechanism whereby the 
secretion of ACTH is increased in response to stress has not been 
elucidated Among the factors that influence ACTH secretion are (1) 
changes m the concentration of cortical steroids in the blood,®'’ (2) stimu* 
lation by increased concentrations of circulating epinephrine liberated 
from the adrenal medulla under conditions of stress,^® (3) control b> 
hitherto unidentified chemical agents liberated by the activity of nerve 
fibers m the hypothalamus^’ Such ncurohumoral control by the hy- 
pothalamus appears to bo the most important factor in the response of 
the pituitary to stress, and mav applv to the secretion not only of ACTH 
but of other pituitary hormones as well The possibility exists that the 
action of cpincphrmc on the pituitary may be exerted vm the hypothala- 
mus The importance of an umnterrupted secretion of ACTH becomes 
clearer from the fact tint the adrenal cortex, although continuously 
elaborating steroid hormones, does not appear to store appreciable 
quantities of biologically active material^* 

Two of the other trophic hormones elaborated by the anterior pituitary, 
the gonadotrophins (ISH and LH), have been prepared in the form of 
reportedly homogeneous proteins'*® FSH (from sheep pituitaries) has 
been obtained as a glycoprotein (containing mannose and hexosamme 
units) of approximate particle swe 70,000, its isoelectric point is nenr 
pH 4 5 However, more active FSH preparations that are heterogeneous 
have been obtained from swme pituitnncs^^ The TH preparation from 
sheep pituitanes appears to have a particle weight of 40,000 and an 
isoelectric point at pH 4 6, the I»H obtained from swmc pitmtanes is a 
larger protein (particle weight ca 100,000) with its isoelectric point at 
pH 7 45 The thyrotrophic hormone (TSH) of the beef pituitary is 8 

®rG Sayers Phynol Jtcu8,30, 241 (1950) 

88C N n Long Ann Rev Pkv»tol, 15,409 (1956) 

33 J R HoUkos J i?ndocnnoI,9, 143 (1953), 10, 173 (19)4) 

N H Long Recent Progr Hormone Research, 7, 75 (1952) 

■**G Hams, Neural Control o/ the Piluxlary Gland, Arnold, London, 1955 
«M Vogt, d Physiol, 113, 129 (1951) 

H hi, Vttomin* and //ormonct, 7, 223 (19(9) 

L Stcclmnn ct al , Pndocnnology, 56, 216 (1955) 
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been greatlj facilitated by the isolation of these principles from extracts 
of anterior pituitary glands Because of the central role of the adrenal 
cortex in the maintenance of life, much attention has been de\oted to 
the purification of corticotrophin (ACTH) Although preparations of 
this hormone ivere obtained from sheep and suine pituitaries in the 
form of apparentlj homogeneous proteins (approximate particle size 
20,000, isoelectric point ca pH 4 7),®‘ subsequent studies ha^e shoivn 
that the biological actuitj is also exhibited bj peptides obtained by 
treatment of the ACTH protein with acid or with pepsin^" The use of 
chromatographic and countercurrent distribution methods has gi\en 
several closely related acti\e peptides (sheep a-corticotrophm, swine 
yO-corticotrophin, swmc corticotrophin A, swine corticotrophin B) Bj 
means of methods similar to those used in studies w ith insulin (cf p 145) , 
yj-corticotrophin was found to be a single-cham peptide of 39 ammo 
acids arranged in the follow mg sequence 

Ser-Tyr-Ser-Met-G]U'His-Phe-Arg-Try-GI> -Lys-Pro-Val-Gly- 
Lys-Lj s-Arg-Arg-Pro-Val-L> s-Val-Tyr*Pro-Asp'Glj -Alo-Glu- 
Asp-GIu (NH 2 ) -Lcu-Ah-Glu-Ala-Phe-Pro-Leu-Glu-Phe 

The other corticotrophic peptides mentioned abo%e ha\e amino acid 
sequences similar to that of /ff-corlicotrophin It appears that the 
hormonal actmty depends on the integrity of the N*termmal amino acid 
sequence, since brief treatment with kidnej aminopcptidase (p 144) 
causes extensive inactivation of swine corticotrophin A®® 

In the assij of the biological potencj of ACTH preparations, advan- 
tage IS taken of the fact that, after hjpoph>sectom>, the adrenal glands 
decrease in size, the administration of ACTH leads to an increase in 
the weight of the adrenals Also, when the pituitarj hormone is injected 
into hypophjsectomized rats, a marked decrease in the level of adrenal 
ascorbic acid is observed®® The drop in ascorbic acid is accompanied 
by a decrease in the adrenal cholesterol The biochemical significance 
of these changes is not clear (cf p 643), however, the effect on the 
adrenal a&corbic acid level m the hvpophvsectomizod rat is extremelj 
specific and has not been induced bj any known agent other than the 
pituitarj hormone 

C H Li and H M E\ans, Vtlamms and Hormones, 5, 198 (1947) 

\\ Pajue et al J Bwl Chem 187, 719 (1950) C H Li Adiances in 
Protein Chem 11, 101 (1956) 

R G Shepherd et al / Am Chem Soc, 78, 5051 5059 5067 (1956) 

W F ^Tiite and W A Landman, J Am Chem Soc, 77, 771 1711 (1955), 
C H 1 1 et al , Nature, 176, 687 (1955) 

F Mhite, y Am Chem Soc 77,4691 (1055) 

RI A Sajers et al , Endocrinology 42, 379 {1&18) 
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pressure by contraction of peripheral blood vessels In addition to 
vasopressin, posterior pituitarj extracts contain a hormone that stimu- 
lates the contraction of uterine muscle, and is therefore named oxytocin 
(or ocytocin, Greek ocy, quick, tokos, birth) Oxytocin also has a 
pronounced efffet in stimulating the ejection of milk, and loners the 
blood pressure in the fowl As mentioned on p 140, vasopressin and 
oxytocin arc peptides ■whose structure has been established by degrada- 
tion and by synthesis The examination of the biological actnitj of 
highly purified preparations of the isolated hormones, and of synthetic 
materials, has ^shown that no sharp line of demarcation can be drawn 
between oxjtocm and aasoprcssin Thus oxytocin exhibits a slight 
antidiuretic effect, and \asopressm has appreciable activity in stimulating 
uterine contraction, milk ejection, and vasodcprcssion m the fowl*^ It 
IS probable that the hormonal secretion of the neurohypophysis is under 
the control of the hypothalamus 

In addition to the pituitary hormones discussed above, an additional 
active substance {or group of substances) is elaborated by the region of 
the adenohypophysis adjacent to the ncuroh> pophysis Tins “inter- 
mediate lobe” contains a hormone (intermedin) which, on administration 
to amphibia, fish, or reptiles, causes a dispersion of the pigment granules 
in the mtlanocjtes (chromatophores) of the skin, with consequent dark- 
ening of the body color For this reason, the hormone is also termed 
“melanocyte stimulating hormone” (MSH) Two peptides (a-MSH and 
/3-MSH) have been isolated from extracts of swmc pituitancs, and their 
amino acid sequence has been determined®* In o-AISH the sequence 
appears to be that of the first thirteen amino acids of p-corticotropbm 
(starting at the N-tcrminal serine residue, cf p 951) The N-terminal 
senne in o-MSH is substituted by a non-ammo acid unit of unknown 
structure, and the terminal COOH group (of valme) is present as the 
amide has been reported to have the sequence 

Asp-Glu-Giy-Pro-Tyr-L>E-AIet-Glu-HiS' 

Phe-Arg-Try-Gly-Ser-Pro-Pro-Lys-Asp 

The heptapeptide sequence Met-GlU'His-Phe-Arg-Try-Gly also occurs 
in the ACTH peptides These structural similarities between the MSH 
and ACTH peptides are of interest in relation to the observation that 
highly purified ACTH preparations exhibit MSH activity®^®' 

B van D\ke, itccenl progr Hormone Jiesearch, 11, 1 (19541 

H Leo and A B Lerner, J Biot Chem, 221, 943 (19oG), J I Harris and 
P Boos, Nature, 178, 90 {1056), I Geschwind et al , ; 4m Chem Soc, 79, 615, 
C2Q (1957), J I Hams and A B Lemcr, Nature, 179, 1346 (1957) 

H B r Dixon, Biochim el Bwphvs Ada, 19, 392 (1956) 
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protein of lo^\ particle \\ eight, and has been partially purified by 
chromatography 

Purified prolactin (from beef or sheep pitmtaries) has an apparent 
particle weight of about 32,000 and an isoelectric point near pH 6 As 
noted in Table 2, prolactin, in association vMth estrogens, promotes 
lactation m the mammary gland The hormone also stimulates the 
gro^vth of the crop sac of h\ pophy stctomized birds 
Highly purified preparations of the grouth hormone ha\e been 
obtained from beef pituitaries,^’ and from the pituitanes of other animals 
(monkeys, humans, etc ) ^Miercas beef growth hormone has a particle 
weight of about 46,000 and an isoelectric point at pH 6 85, the hormone 
from human (and monkey) pituitanes has a paiticle weight of about 
27,000 and an isoelectric point at pH 5 5^* In this connection, it is of 
interest that the purified beef growth hormone is ineffccti\e when 
administered to human subjects For an extensne discussion of the 
chemical properties and the physiological role of the growth hormone, 
sec Smith ct al 

The name assigned to the growth hormone requires comment, since 
the concept of “growth” is largely a matter of definition As used in 
connection with this pituitary hormone, growth is defined as an increase 
in body weight without appreciable change m tissue composition The 
administration of growth hormone to adult animals leads to a net increase 
in the protein, salts, and water of the tissues When guen to young 
animals the growth hormone accelerates the growth of bones ns well as 
tissues, and causes proportionate cnlai^cment of most anatomical fea- 
tures With adult animals, howeacr, whore the epiphyses of the long 
bones are closed, bont growth leads to asymmetrical deformation, in 
man o\ ersecretion of the hormone induces the clinical conditions known 
as acromegaly and gigantism As mentioned earlier, hy pophy sectomy 
of young animals leads to retardation and ultimate cessation of growth 
It will be recalled tliat the posterior pituitary (neurohypophysis) is 
concerned in the regulation of water excretion by the animal organism 
Extracts of this gland are cffectnc in counteracting the diuresis that 
follows hypophyscctomy The antidiuretic actuity accompanies the 
hormone named vasopressin, which m mammals effects .a rise in blood 

G Feh et al, J Biol Chem 213, 311 (19j 5) J G Pierce and J F Nje 
tbid, 222, 777 (1956), P G Condhffc and R Bates tbid , 223, 843 (1956) 

White Vtlamms and Hormones, 7, 253 (1919) R D Cole and C H Li, 

J Biol Chem, 2 1 3, 197 (1955) 

A E Wilhelmi ct al , J Biol Chem, 176, 735 (1918), C H Li tbid , 211, 
555 (1954), Federation Proc 16, 775 (1957) 

•*5 C H Li and H Papkoff Science 124, 1293 (19oG) 

R tv Smith et al , The Hypophyseal Grov,lh Hormone, McGraw Hill Book 
Co, New \ork, 1955 
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glycogenosis and of glucose oxidation are partially restored These 
actions of insulm appear to be related to tlie binding of the honnone b} 
muscle cells, and the magnitude of the effect on glycogenosis is rougiiK 
proportional to the amount of insulm bound ” It should be added that 
m«:uUn combines with other animal cells, notablj- leucocytes 

Tiio mcrhani'sm whereby insulm exerts its effect on the utilization of 
glucose by muscle has not been elucidated Evidence has been pre- 
sented m fa\or of the view that the hormone increases the rate of entry 
of blood glucose into muscle cells, presumabh b> an effect {as >et 
undefined) on the cell membrane An alternative hypothesis is that 
msuhn increases the rate of the glucokinasc reaction (p 493) b> counter- 
acting the inhibitory effect of a pituitary factor 

The carbohydrate metabolism of the luer is also markedly altered in 
the diabetic state Luer slices from fed alloxan-diabctic rats exhibit 
a decreased rate of glucose uptake, of glucose phosphorylation, and of 
glycogenesis Of special mteicsi is the marked mciease in glucose 
production by gluconrogenosis (eg, from pyrmate) and by glycogen- 
oly&is, this increased glucose production is associated with a striking 
increase m the gluco^c-O-phosphatase actuity of the liver (p 497) Upon 
the administration of insulm to diabetic rats, these changes m carbo- 
hydrate metabolism arc counteracted Hou c^ er, m contrast to the prompt 
action of insulin on the glucose uptake of muscle, the hver of diabetic 
animals given msuhn respond^ mote slowly It has been suggested, 
therefore, that the liormone may not exert a direct action on the liver, 
and that the changes in the carboliydrate mitabohsm of the hver m 
mmlm-trcatecl diabetic animals may be n consequence of a metabolu 
adaptation to dtered blood levels of metabolites (e g , lactic acid) 
derived from nonhepatic ti'^sues 

The increased glucose-G-phosphatasc level of the hver in the diabetic 
state IS of interest in relation to the lole of glucosc-6-phosphate in 
glycolysis (p 490) and m the pentose phosphate cycle (p 531) Since 
gIucose-6-phosphatc dihydrogcnnst catalyzes the reduction of TPN"^, 
a decrease in the steady -state level of glucosc-6-phosphate because of 
increased glucose-6-phosphatase action may be expected to lead to 

=«C A Vjlkoctal.J Btol CAewt, 195, 287 <1952) 

C Stadio ct al J Btol Chem, 199, 729 <1932), 200. 745 
N Hflugaard et al . ibid , 211, 2S9 (1954) 

W C Slndie, Phystol Revs, 34, 52 (1934) 

Lfvmc and M S Goldslcm, iiecent Proflr Hormone Reseorcfi, ll» 343 
(1955), C R Park et al, .4m J physiol, 182, 12, 17 (1955), 191, 13 (1957) 

P Colowick et al J Btol Chem, 168, 583 (1947), U E Krald and 
J Bomstem, Nalure^ 173, 049 (1954) 

oiA E RenoH et al . / Bxot Chem, 204, 533 (1953), 213, 135 (1955). 

J Asamorc et ul , ibid , 224, 225 (1957) 
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Placenta During prcgnancj, the placenta secretes into the maternal 
blood hormones T\hose physiological effect is similar to the action of one 
or both of the pituitary gonadotrophins Two such “chorionic gonado- 
trophins” ha\e been isolated pregnant marc serum gonadotrophin 
(PMSG), and human chorionic gonadotrophin (HCG), the latter from 
human pregnancy urine Both hormones ha\c been obtained in the 
form of partially purified glycoproteins Although PMSG has an action 
analogous to the combined effect of the two pituitary gonadotrophins 
(FSH and LH), HCG only exerts an action on the corpus luteum or on 
interstitial cells of the testis 

Gostrointeslinal Tract It was noted at the beginning of this chapter 
that the term “hormone” was first applied to secretin, which is elaborated 
by the small intestine and stimulates the flow of pancreatic juice 
Secretin also stimulates the secretion of bile by the li\ er As noted on 
p 140, this hormone is a peptide (molecular weight ca 5000) 

In addition to secretin, three other hormonal principles ha\e been 
shown to be secreted by the intestinal mucosa, they are named pancre- 
ozymin, cholecystokmin, and enterogastrone None of these hormones 
has been purified extensn cly , and their chemical natuie is not established 
Pancreozymin co-operates with secretin to increase the enzyme content 
of the pancreatic juice®* Cholecystokmin exerts a specific action m 
stimulating the contraction of the gall bladder Enterogastrone is appar- 
ently elaborated m response to exposure of the duodenal mucosa to fat, 
and inhibits gastric mobility 

Hormonal Regulation of Carbohydrate Metabolism in 
Vertebrates 

Insulin Since insulin deficiency is characterized by a hyperglycemia, 
which IS corrected by the administration of the hormone, it follows that 
insulin affects one or more processes inxoUed in the metabolism of 
glucose Experiments with excised rat diaphragm muscle ha\e shown 
that extremely small amounts of insulin (ca 10”^ unit per milliliter) 
cause an increase in the uptake of glucose by this tissue, accompanied 
by an increased rate of glycogen formation Furthermore, diaphragms 
from alloxan-diabetic rats take up less glucose from the medium than 
does muscle from normal animals, and the extent of glycogenosis and 
of oxidation of glucose to CO 2 also are decreased, upon addition of 
insulin to the medium, the glucose utilization of muscle from diabetic 
rats IS comparable to that of muscle from normal rats, and the rates of 

C Ivy Physiol Revs, 10, 282 (1930), Gastroenterology 3, 443 (1944) 

-‘L E Hokm and M R Hokm J Physiol, 132, 442 (1956) 

®'' A E Renold et a! Vitamins and Hormones, 14, 139 (1956) 
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insulin Although the mode of the action of insulin in promoting 
lipogenesis from glucose is not clear, it should be recognized that the 
oxidation of carbohydrate is a major source of energy for endergomc 
reactions in metabolism The process of fat formation from Cg units 
requires much energy, and must be coupled to energy-yielding reactions 
It appears likely that any appreciable decrease in the normal rate of 
glucose utilization v,i\\ lead to a concomitant decrease in the energy 
available for Iipogenesis This view is supported by the observation 
that the feeding of fructose to a diabetic rat promotes fat formation 
from G. units Furthermore, TPNH appears to be required m fatty acid 
synthesis in the liver®® (cf p 612), and its steady-state concentration 
in this organ probably depends on the rate of the oxidation of glucose-S- 
phosphatc In the diabetic liver, less of this metabolite may be available 
for oxidation because of the increased activity of glucose-6-phosphata«e 
Because of the impaired oxidation of glucose and synthesis of fatty 
acids the tissues of the diabetic animal largely oxidize fatty acids, the 
K Q drops to about 0 7, and the formation of acetoacetic acid (and 
other ketone bodies) is increased If the resulting ketoncmia is excessive, 
ketonuna and acidovis (p 848) are observed 
A further consequence of the decrea«cd utilization of carbohydrate 
by the diabetic animal is an accelerated rate of breakdown of tissue 
proteins In the fasted state, such an animal excretes increased amounts 
of nonprotem nitrogen and goes into negative nitrogen balance (p 723) 
It IS likely that, as m Iipogenesis, protein formation is favored by insulin 
through the action of the hormone on the mobilization, and ultimate 
oxidation, of glucose, thus providing energy for protein synthesis Since 
the fasted diabetic animal continues to excrete glucose, it is clear that 
gluconeogenesis still proceeds in the absence of insulin, the principal 
sources of glucose are probably the glucogenic ammo acids (p 764) of 
the proteins that are catabohzcd Consequently, in the diabetic state, 
with its characteristic disturbance in the normal rate of glucose oudation, 
che animal body loses protein as wcU as fat, these metabolic consequences 
arc analogous to the effects of prolonged starvation 
It should be added that, although untreated pancreatic diabetes in 
man, and m several carnivorous or omnivorous animals (dogs, cats, 
owh), is rapidly fatal, herbivorous animals (rabbits, sheep, goats) and 
many birds survive for much longer periods of time When food is given 
to the herbi\oro5j the blood sugar is elevated, but in the fasting state the 
glucose level is normal 

In the intact animal the rate of secretion of insulin appears to be 

R 0 Brad> and S Gunn, J Bwl Chem, 187, 589 (1950) 

«»R G Langdon, y Biol C/iem , 226, 615 (W57) , W N Shaw et al, iM, 226, 

417 (1957) 
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mirked changes in the steady-state ratio of TPN+/TPNH m fa\or of 
the oxidized form 

It was mentioned pre\iously (p 494) that, in the liver, a sepaiate 
fnictokinase catalj zes the formation of fructose-1 -phosphate, which may 
be converted to fructose-6-phosphate Since fructose is readily utilized 
b> diabetic animals, these reactions do not appear to be impaired in the 
diabetic state Furthermore, the enzjmic steps leading from fructose- 
6-phosphate to pjruvate or to glj cogen do not appear to be inhibited 
in diabetic animals Since, in the sequence of gljcoljtic reactions, all 
the steps are the same for the intermediate metabolism of gIucose-6- 
phosphate and of fructose-6-phosphate, »t follows that, in diabetic livers, 
tlie conv ersion of extracellular glucose to intracellular glucose-6-phosphate 
IS blocked either bj decreased transport of glucose or by inhibition of 
the glucokmase reaction 

From the foregoing it is clear that the muscles and liver of diabetic 
animals exhibit a decreased utilization of extracellular glucose for 
oxidation to COo, and tliat insulin counteracts this deficiency For 
example, when glucose is administered to fasted normal dogs, the RQ 
(0 76) IS promptly increased to 088, denoting an increased oxidation of 
carbohydrate (cf p 933), however, with fasted diabetic dogs, the RQ 
does not rise abov e the initial v alue of 0 68 Furthermore, experiments 
in which Ci'*-labeled glucose was administered to depancreatized dogs 
or to alloxan-diabetic rats showed the animals to have a lowered capacity 
to convert glucose to CO 2 , when insulin was given to totally depan- 
creatized dogs, the rate of glucose oxidation returned to the value 
observed for the normal animal ^ It should be noted that, although the 
rate of utilization of glucose is markedly diminished in the diabetic 
animal, the rate of glucose formation (principally by gluconeogenesis) 
is not impaired, thus leading to hyperglycemia, if the hyperglycemia is 
severe, glycosuna results 

In addition to the effects of insulin in accelerating gly cogenesis and 
glucose oxidation, the hormone also promotes lipogcnesis, 1 e , the forma- 
tion of fat (principally long-chain fatty acids) from carbohydrate This 
has been demonstrated, with the isotope technique, by the comparison 
of fat synthesis by liver slices from normal, msuhn-treated normal, 
alloxan-diabetic, and insulin-treated diabetic rats®® The hepatic syn- 
thesis of higher fatty acids from acetate in vitro is also accelerated by 

®"G E Clock et al , Biochcm J , 63, 520 (1956) 

®^S S Chcrnick et al 1 Biol Chem, 193, 793 (1951), I L Chaikoff Harvey 
Lecturer, 47, 99 (1953) A E Renold et al J Biol Chem 209, 6S7 (1954) 

H P Marks and F G \oung J Endocrinol 1, 470 (1939) 

*■50 D Feller et al J Biol Chem, 188, 865 (1951), D Stetten Jr, et al 
192, 817 (1951) 

'’®S S Chermck et al , J Biol Chem 186, 527, 535 (19o0) 
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The administration of growth hormone to intact dogs and cats induces 
hypergljfcmia, gljcosnna, and ketonuna In otlicr animals (eg, the 
rat), this diabetogenic action is not obscr\cd unless a moderate diabetes 
has been induced by partial pancreatectomy, by treatment with alloxan, 
or by force-feeding of glucose, under these circumstances, the adminis- 
tration of grov.th hormone accentuates the diabetic state The grov,th 
hormone also exerts, m fasted h>pophyscctomized rats, a "glycostatic” 
action which favors the retention of muscle glycogen at normal le\els 
Since this effect is not observed m fasted diabetic rats, it has been 
concluded that a greater part of the glycostatic action of the growth 
hormone may be due to its effect in stimulating insulin secretion^^ (p 
965} In respect to the glycostatic action of growth hormone, it is oi 
interest that, upon administration to fasted rats, the homione induces 
the attainment of even higher levels of cardiac glycogen than the high 
levels caused by fasting alone” (cf p 497) 

It has been reported that a lipoprotein fraction from beef pituitaries 
and the -lipoproteins from the serum of diabetic rats inhibit the uptake 
of glucose by diaphragm muscle, and that this inhibition is counteracted 
by the addition of insulin to the incubation medium Although this 
effect was interpreted to indicate an antagonism between a pituitary 
lipoprotein and insulin m their action on muscle hexokmasc, the \ahdit> 
of this conclusion is uncertain m view of the finding that other enzymes 
also are inhibited by the lipoprotein fraction ” 

Epmephnne and Glucagon In the normal animal, epinephrine is 
perhaps the most important of llie various physiological factors that 
counteract the hy pogly cemic action of insulin A low level of blood glucO'C 
stimulates the secretion of epinephrine from the adrenal medulla, and 
the hormone induces an immediate elevation of blood sugar as a conse- 
quence of an increased rate of gly cogenoly &is m the liver and the muscles 
Epmephnne secretion is stimulated by emotional excitement, by injury, 
or by some drugs employed as anaesthetics (ether, morphine), all these 
factors induce gly cogenoly sis ” 

Epmephnne accelerates the conversion of gly cogen to hexose phosphates 
by promoting the coniersion of inactuc phosphorylase to the actne 
enzyme^" (cf p 440) The administration of epmeplinne to rats causes 

ri J A Rus.‘-cU, Endocrinology, 48, 463 (1951) 

A Hhngworth and J A Russell, £ndocnno(ogy, 48, 423 (1951) 

” G A Adrouny and J A Ros«c)l, Endocnnology, 59, 241 (1956) 

Bornstnn, J Btol CAem , 205, 513 (1953), Biochtm et Biophyt Ada. 20, 
522 (1950) 

”C F Con, Physiol Revs. 11, 143 (1931) 

W SutWknd and C F Con, J Biol Chem, 188, 531 (1951), E « 
Sutherland and W D WosUait, ibtd, 218, 459, 469, 483 (1956), T W Rail ct ak 
tbid, 224, 463 (1957) 



THE HORMONAL CONTROL OF METABOLISM 


959 


regulated, at least in part, by the glucose concentration of the blood If 
large amounts of glucose arc ndramistcred, as bj force-feeding of carbo- 
hjdratc, the islets of Langerhans undergo enlargement and the ^-cells 
degenerate, leading to a pancreatic diabetes Ho\ve\er, in addition to an 
increased le%el of blood glucose other factors to be mentioned later (e g , 
growih hormone, thj roxine) also stimulate insulin production 
Adrenal Cortical Hormones A'' mentioned before, tiic administration 
to normal fasting rats of one of the ll-o\jgenated adrenal steroids leads 
to an increased deposition of Jner glycogen Ip 947) Lncr slices from 
cortisone-treated rats shou an increase in glucose production from 
pyruvate and no decrease in glucose utilization In the intact animal, 
the increased gluconeogenesis is accompanied by an increase in nitrogen 
excretion, suggesting that the new li\er glycogen arises, in large part, 
from the products of protein breakdown (p 963) The hypothesis that 
adrenal steroids promote gluconcogcncsis from ammo acids is in accord 
with the fact that the admmistrition of cortical extracts to a partially 
diabetic animal accentuates the diabetic state, and that adrenalectomy 
effects an amelioration of pancreatic diabetes 
Anterior Pituitary Hormones A striking impro\cment m the diabetes 
of depancreatized animals is effected b> hypophyscctomy This phe- 
nomenon was disco%ercd m 1929 by Houssaj,'® and such depancreatized- 
hjpophysectomized animals are termed "Houssay animals” Although 
the blood sugar level of such animals may on occasion be normal, and 
they exhibit little glycosuria or kctonuria, it would be incorrect to 
consider the resulting metabolic btate a normal one Hypophysectomized 
animals arc extremely sensitive to the administration of small amounts 
of insulin, to marked changes in diet, and to alterations in the environ- 
mental conditions Depending on the nature of the stimulus, the blood 
sugar may fluctuate between wide limits, since an important part of the 
normal physiological meclianism of regulation is absent 
The phenomenon discovered by Houssay directs attention to the 
presence, m the pituitary secretion, of a “diabetogenic” factor to v^hlch 
insulin IS antagonistic Of the known pituitary hormones, ACTH and 
growth hormone deserve special mention as antagonists of insulin, the 
administration of either markedly reduces the sensitivity to insulin 
shown by hypophysectomized animals The fact that cortical steroids 
promote gluconeogenesis supports tlic view that ACTH exerts its dia- 
betogenic action via the adrenal cortex Since adrenalectomy results 
in an improvement of the diabetic state, the Houssay phenomenon may 
be a consequence, in part, of the atrophy of the adrenal cortex after 
hypophysectomy (p 949) 

N H Long and F D Lukens J Fxptl Med, 63, 405 (1936) 

A Houssay Endocnnologp 30, 884 (1942) 
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trophic hormone, p 950) to partially dcpancrcatizcd dogs results in a 
diabetes which has been associated with a marked stimulation of msulm 
production and eventual degeneration of the /3-cell5 of the islet tissue 
If most of the pancreas (ca 95 per cent) of a rat is removed surgically, 
the onset of diabetes may be markedly delayed by thyroidectomy Once 
diabetes has appeared, however, thyroidectomy does not ameliorate the 
diabetic state 

Another example is the action of growth hormone in promoting the 
release of insulin by the ^-cells in the cat, dog, and perhaps man In 
the cat, the administration of growth hormone also increases the secre- 
tion of glucagon by the a-cells, thus partly explaining the temporarj 
hjpergljcemia which ensues 

Hormonal Effects on the Metabolism of Lipids 

It will be recalled that m the diabetic animal the impairment in the 
metabolic utilization of glucose accompanied by a decreased net syn- 
thesis o! fatty acids and an increased production of ketone bodies 
Although it IS not known whether msulm intervenes directly at some 
stage of fatty acid synthesis from Cj umU, the effect of the hormone 
IS to favor this process (p 957) It is of interest, how'cver, that the 
utilization, by liver slices from diabetic rats, of isotopic acetate for 
cholesterol synthesis is greater than by liver slices from normal animals 
The reason for this differential effect of insulin deficiency on the synthesis 
of fatty acids and of cholesterol is obscure, but it may be related to a 
specific requirement for TPNH m fatly acid formation (cf p 612) It 
has also been suggested that the energetic requirements for sterol synthe- 
sis may be adequately met by the oxidation of fatty acids and do not 
require the oxidation of glucose at the normal rate In the diabetic 
animal the oxidation of fatty acids proceeds at an accelerated rate, and 
msulm decreases the rate of breakdown of long-chain fatty acids 
Although liver slices from diabetic animals convert isotopic acetate 
or glucose to fat at a diminished rate, in the intact diabetic animal the 
fat content of the liver is increased, presumably by transport from extrs- 
hcpatic tissues (cf p 587) Apparently this increased mobilization of 
fat m the tissues is stimulated by pituitary hormones (possibly growth 
hormone, or ACTH, or both) It has been found, for example, that 
the administration of purified growth hormone preparations to fasted 
normal mice leads to a marked increase m the fat content of the liver 

F G Young, Recent Progr Wormone Rescatdi, 8 , 471 (1953) 

80S Hotta and I L ChaiUff, / Biol Chem, 198, 895 (1952) 

8»W J LossQwetal.J Biol Chem, 220, m (1956) 
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a marked rise in the phosphorylase a content of muscle, prevents the 
disappearance of phosphorylase a in fatigued muscle, and accelerates the 
resynthesis of the enzjme during recovery after fatigue’^ 

The conversion of inactive liver phosphorylase to the active enzyme is 
promoted not onlj bj epinephrine, but also by glucagon (p 942) This 
effect of glucagon in accelerating glycogenolysis helps to explain its 
hjperglj cemic action Glucagon does not appear to affect the muscle 
phosphorjla&e sjstem, and, although its action on liver phosphorjlase is 
similar to that of epincphnnc, further studies ma> show differences in 
the mechanism vvherebv the two hormones exert their effect 

It will be obvious that much remains to be learned about the role of 
the several hormones tint influence carbohjdrate metabolism Studies 
in whole animals have led to the formulation of biochemical problems 
that have been attacked in experiments with excised tissues, tissue slices, 
tissue homogenates, or purified enzymes Sucli studies in isolated systems 
arc made difficult, however, by the fact that m raanj instances the 
biochemical effect of a hormone on a given tissue is onlj demonstrable 
after the injection of the hormone into the intact animal, frequently 
incubation of the excised tissue with the hormone gives a negative result 
Even where positive results arc obtained witli isolated tissues or enzyme 
s> stems, it IS important to remember that the hormones, like the 
enzjraes, cannot be considered to act independently of each other m a 
whole animal Whereas the organization of enzyme activity is at the 
level of the single cell, the coordination of hormonal activity is at 
the level of the entire multicellular complex which constitutes the intact 
animal In addition, it should be noted that, although the mechanisms 
involved in the physiological integration of the rate of hormone secretion 
are not understood, there are many indications that the central nervous 
system plays a decisive role in the over-all process 

Furthermore, any process that favors the synthesis of new protein, or 
any metabolic deficiency that prevents normal protein synthesis, may 
promote or retard the formation of enzymes important in the metabolism 
of carbohydrates, and of fats and proteins as well There is evidence 
that some hormones may increase the rate of synthesis of enzymes 
Clearly, not only the synthesis of enzymic proteins but also tlie synthesis 
and release of protein hormones may be controlled in this manner, 
consequently, a furtiier regulatory factor is introduced into the complex 
array of hormonal intei relationships For example, the rate of produc- 
tion of insulin by the pancreas appears to be under the control of the 
thyroid’® Thus the administration of thyroid hormone (or of thyro- 

”G T Con and B Illingworth, Bwchtm el Bwphy& Acta, 21, 105 (1956) 

’'•BA Houssay I ifomins and Hormones, 4, 188 (1916) 
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sucli control of diet is necessary since the administration of pituitir) 
extracts, for some unexplained reason, leads to increased appetite 

Further e\idcnce for the role of growth hormone in promoting nitrogen 
retention is provided by experiments on the rate of urea production from 
ammo acids administered intravenously to ncphrcctomized rats,°® these 
studies support the mgw that the growth hormone acts to favor protein 
sjmtliesis rather than to diminish amino acid breakdown Additional 
support comes from the finding that, in hypophyscctomized rats, the rate 
of replacement of scrum albumin is diminislied, but can be greatly accel- 
erated by the administration of growth hormone preparations^®® It 
should be added, however, that, although the incorporation of C^^-Ieucine 
into rat li\er proteins and of C*^-orotic acid into the microsomal RNA 
(cf p 897) IS decreased upon hypophyscctomy, these effects are not 
reversed by the administration of growth liormone if the food intake is 
controlled 

Other hormones implicated m protein metabolism are the androgens 
(eg, testosterone), w’hich appear to promote protein synthesis The 
mode of action of these hormones m influencing protein metabolism is 
obscure, altliough a synergistic action of testosterone and of growth 
hormone has been suggested 

Hormonal Regulation of Electrolyte Balance 

It will be recalled that the administration of sodium chloride to an 
adrcnalectomized animal markedly prolongs life by counteracting the 
profound disturbance m electrolyte balance that follows adrenal insuffi- 
ciency Characteristic features of such adrenal dysfunction (whether 
in experimental animals or m Addisonian patients) are (1) a marked 
increase in tlie excretion of sodium, chloride, and bicarbonate ions in 
the urine and sweat, (2) abnormally high levels of potassium ions in the 
blood, and (3) a movement of potassium ions and of water into tissue 
cells (Table 4) Tlie high concentrations of potassium ion are toxic 
to the organism The increased excretion of sodium ions is accom- 
panied by a net loss of water from the body, this is followed bj the 
passage of water into the tissues, with a consequent decrease in blood 
X olume, hemoconcentration, a diminished blood flow through the kidnejs, 
and a reduced output of urine These effects of adrenalectomj may he 
counteracted by tlie administration of cither sodium chloride or an 
adrenal cortical extract Of the know'n cortical steroids, the one most 

»»J A Russell, Enaocnnology, 49, 99 (1951) 
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Purified preparations of ACTH also exhibit this property , and the admin- 
istration, to fasted rats, of preparations of growth hormone or of ACTH 
causes increased ketosis'*^ It appears that these t^o hormones (or 
pituitary factors associated with them in hormone preparations) promote 
the catabolism of fatty acids Howc\er, the manner in which the 
enzymic sj stems for tlie ovidation of HtU acids are affected is not 
known at present 

In adrenalectomized rats, the conversion of carbolijdrate to fat (as 
judged bj the rate of incorporation, into fatt\ acids, of deuterium from 
DoO in the body water) is markedlj increased, this suggests that the 
adrenal steroids inhibit fat synthesis, This conclusion is supported b\ 
studies with luer slices taken from cortisone-treated animals A similar 
inhibition of fat formation has been noted in normal rats gnen ACTH 
or growth hormone, and with h\cr slices from animals treated with 
growth hormone The findings discussed above indicate that the growth 
hormone and ACTH (via the adrenal steroids) act in antagonism to 
insulin, not onh in carbohjdrate metabolism, but m fat metabolism as 
well That the effect of the growth hormone is not mediated bj its 
action on the pancreas is shown bj the abilitj of Iner slices from 
Houssaj animals to utilize acetate for fatt> acid sjnthesis at a normal 
rate, the administration of growth hormone to such animals leads to a 
decreased capacity for hepatic hpogenesis**' 

Glucagon and epinephrine appear to play a role m the hepatic metab- 
olism of fatty acids, with liver slices, the presence of either hormone in 
the incubation medium causes an increase in ketone bodj formation and 
decreased hpogcnesis It is probable that these effects are related to 
variations in the supply of carbohydrate, which is necessary for hpo- 
genesis Thus factors that lead to a decrease m the available carbo- 
hydrate (starvation, diabetes, glycogenolysis) also dimmish hpogenesis 

Hormonal Effects on Nitrogen Metabolism®^ 

Earlier in this chapter, it was mentioned that the increased deposition 
of liver glycogen obser.ed on administration of adrenal cortical steroids 
IS accompanied by an increased excretion of urinary nitrogen®® (Table 3) 
Tlicse findings were interpreted as suggestive of an acceleration of protein 
breakdown, subsequent studies indicated that the C-ll-oxygenated 
L Engel and M G Engel Endocrinology 58, SOS (I95G) 

L Greenbaum, Biochevx J 54, 400 (1953), 63, 159 (1956) 
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As noted earlier, growth hormone promotes the growth of bone, a 
process dependent on the availability of calcium and phosphate ions 
The administration of this pituitary factor to normal animals leads to a 
decrease m unnary phosphate and an increase m serum phosphate In 
immature hypophjsectomized rats, the administration of growth hormone 
causes a rise in the level of bone alkaline phosphatase {p 581) 

Hormones in Inverfebrafes 

Among the invertebrates, the clearest examples of the hormonal control 
of metabolism are found among the Insecia and Crustacea Although 
it has been established that hormones pia> a role m certain phases of 
growth and development, reproduction, and physiological color change, 
few data are available about the biochemical processes under hormonal 
control or the chemical nature of the hormones involved In general, 
the methods eraplojcd m the study of invertebrate endocrinology are 
similar to those applied to higher animals 
insects In nearl> all insects, growth after emergence from the egg 
IS characterized by the process of metamorphosis Some insects such 
as Lepxdoptera {moths, butterflies) and Diptera (flics) emerge from the 
egg as larvae that pass through a pupal stage, during which the larval 
form undergoes metamorphosis to the adult reproducing insect These 
insects are considered to undergo "complete" metamorphosis and are 
termed "holometabolous", they arc distinguished from the "hemimetabo* 
lous" insects (eg, grasshoppers, bugs, roaches) which undergo “incom- 
plete” metamorphosis and emerge from the egg ns a miniature adult 
(nymph) which gradually changes to the fully grown adult In both 
holometabolous and hemimctabolous insects, growth and metamorphosis 
are charactenzed bj the process of molting (ecdysis, from Greek eldysis, 
a getting out) For example, in the growth of the larval form of the 
giant Silkworm Platysalmxa cecropta (a holometabolous insect of the 
order Lepidopiera) , a series of four molts occurs, and the larva increases 
in size during the period between the shedding of the old cuticle and the 
hardening of the new exoskeleton, the stages between the larval molts 
arc termed “instars " The insect then enters the pupal stage and sur- 
rounds itself with a cocoon, within which it undergoes metamorphosis 
to the adult moth In Cecropxa and otlicr holometabolous insects, the 
pupal stage may be charactenzed by an extended period of dormancy 
(diapause) 

JW J C Mathio^ and 0 H Gaeblcr, Endocnnology, 45, 129 (1919) 

M Williams Harvey Lectures, 47, 126 (1953), P Karkon, Vitainxns end 
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Table 4 Electrolyfe and Water Content of Muscle of Normal and 
Adrenalectomized Dogs*°^ 


The data are per kilogram of fat-free muscle 


Constituent 

Normal 

Adrenalectomized 

Chloride (nulliequivalents) 

19 5 

15 1 

Sodium (millieqmxalents) 

28 2 

16 8 

Potassium (miUiequixalents) 

S3 5 

87 b 

Extracellular w ater (grams) 

159 

137 

Intracellular water (grams) 

604 

641 

Collagen nitrogen (grams) 

4 9 

6 0 


actuc m promoting sodium retention and potassium excretion is aldo- 
sterone,’*’^ deoxycorticosterone (cortexone, DOC) is less effectuc (cf 
p 947) Aldosterone is about 25 tunes as cffectise as DOC m promoting 
Na+ retention, and about 5 times as effcctue in promoting K+ excretion 
In contrast to DOC, aldosterone is actixe m the Iner glycogen test, and 
resembles the other 11-oxygcnatcd adrenal steroids in influencing carbo- 
hydrate, fat, and protein metabolism Corticosterone and cortisol also 
exert an effect on electroly te balance, but to a much lesser degree than 
aldosterone or DOC, since the secretion of corticosterone and of cortisol 
IS under the control of ACTH, this pituitary hormone can also influence 
electrolyte balance It appears that the secretion of aldosterone by the 
adrenal cortex is not controlled by ACTH to the same extent as the secre- 
tion of corticosterone 

It IS probable that the primary action of aldosterone and of DOC is 
to promote the rcabsorption of Na+ and the clearance of K+ m the 
kidney tubules ’*’’ The cortical steroids cause an increase in urinary 
xolume, and prolonged treatment with cortical extract may lead to a 
state resembling diabetes insipidus (p 950), characterized by great thirst 
and the intake and output of large xolumes of water Wiereas cortisone 
and cortisol appear to exert this effect by inliibitmg the secretion of the 
antidiurctic principle of the posterior pituitary, aldosterone and DOC 
arc thought to inhibit the tubular reabsorption of water The diuretic 
effect characteristic of aldosterone and of DOC is accompanied by a 
tendency toward the retention of fluid in the tissues as a consequence of 
the retention of Na+, lienee, if the water intake is limited, the diuresis 
may be oxercome In untreated adrenalectomized animals, the increase 
in K+ of the muscles is accompanied by an increase in 3\Ig2+, a factor 
that also may contribute to the physiological effects of adrenal 
insufficiency 

E Muntw>Ier et nl J Bwl Chem, 134, 3C7 (1940) 

J04S A Sjmpaon and J F Tait Becenl Progr Hormone Research, 11^ 183 (1955) 
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970 


GENERAL BIOCHEMISTRY 


enzyme m vitro In the diapausmg pupa of Cecropia, cjtochronie 
(p 356) appears to be the principal terminal respiratory catal>st, 
Vrhercas in the deieiopmg pupa the c>lochrome oxidase sjstem is 
operative^*- Ho\\e\cr, the manner in r^hich cedysone stimulates the 
transformation of the rcspiratorj chain has not been elucidated 

In addition to the elaboration of the juvenile hormone, the corpus 
allatum appears to secrete factors that influence reproduction (e g , egg 
maturation in the female), color changes, and other metabolic events 
Little IS known about the chemical nature of these hormones or their 
mode of action 

Crustacea Qf the sev cral hormonal activities in crustacean tissues, 
those involved in physiological color changes have been studied most 
mtcnsuel>, but several aspects of tlie growth and reproductive processes 
also are known to be under hormonal control Almost all the knoivn 


crustacean hormones are believed to ongmate in neurosecretory cells 
jn the brain and central nervous system Manj of the hormones appear 
to bo released into the blood by the sinus glands (organs present in the 
cyestalks or, m species lacking cycstalks, m the head) However, the 
available data indicate that this gland serves mainly as a reservoir for 
hormonal material produced m the medulla by the "X-organ,” which is 
composed of neurosecretory cells whose axons lead directly to the smus 
gland None of the crustacean hormones has been obtained m pure form, 
but the same tjpes of hormonal control of physiological changes have 
been observed in many crustaceans 
Crustaceans from which the sinus glands (or the X-organs) have been 
removed molt much more frequently than normal animals The specific 
physiological processes associated with molting (resorption of calcium 
from the exoskeleton, increased rate of oxygen consumption, and absorp- 
tion of large volumes of water) become evident almost immediately after 


the surgical removal of the smus glands These effects have been 
attributed to the absence of a molt-inhibitmg hormone, elaborated by 
thb X-organ and the sinus gland The X-organ also secretes a molt- 
promoting hormone, which stimulates the molting gland (Y-organ) , thus, 
mjaltmg in cmstacca appears to involve a “trophic” liormone, as m insects 
tUpon removal of the eyestalks, the rate of oxygen consumption 
mfcrcascs, the RQ falls, and hypoglycemia results, similar changes are 
oUserved with intact animals in the state prior to molting Injection 
of| eycstalk extracts produces hyperglycemia The importance of the 
regulation of carbohydrate metabolism during moUmg is evident from 
the fact that chitm {p 423), a major component of the exoskeleton, w 


M Pappcnheimer, Jr . and C M V\ilham9,J Biol Cftcw , 209, 915 
D O Slmpptno and C M Wilhams, f»roc Roy Soc, 147B, 218 233 (1957) 
1*3 F G VV Knov-les and D B Carlisle, Biol /levs , 31, S96 (1950) 



THE HORMONAL CONTROL OF METABOLISM 969 

These e\ exits m molting and metamorphosis are under the control of 
endocrine organs, among which are (1) neurosecretory cells (in the brain) 
linked to the corpus cardiacum, (2) the prothoracic gland (usuallj in the 
anterior thorax), and ( 3 ) the corpus allatum (usually a paired organ in 
the head) In the lar\'ae of some insects, the corpus cardiacum and the 
corpus allatum are replaced by the ring gland The neurosecretory cells 
release hormonal factors that tra\el to the corpus cardiacum, where they 
are stored and from \\ hich the> are secreted into the circulation Among 
these hormones is a “trophic” factor that stimulates the prothoracic gland 
to secrete a hormone (ecdysone) that induces molting Ecdjsone is 
essential for the metamorphosis of a wide variety of holometabolous and 
hemimetabolous insects, and also promotes adult differentiation, it has 
been termed “growth and development hormone,” “molting hormone,” 
“pupation hormone,” and “metamorphosis hormone ” In the larval molt, 
the action of ecdysone is accompanied by that of the secretion of the 
corpus allatum, which prevents metamorphosis and preserves the larval 
character of the insect, for this reason, the corpus allatum hormone is 
termed the “juvenile hormone” or the “larval hormone ” In the absence 
of the prothoracic gland secretion, the juvenile hormone is inactive 
During the last larval stage, the activity of the corpus allatum decreases, 
and the lowered amount of the juvenile hormone leads to the stimulation 
of metamorphosis by ecdysone 

Two crystalline substances with ecdysone activity (a-eedysone and 
/ 3 -ecdysone) have been obtained from pupae of the silk moth Boinhyx 
man a-Ecdysone has a probable formula of CJ8H30O4 (or CigHsoO^), 
but its chemical structure has not been elucidated as yet The activ ity 
of ecdysone preparations may be tested with larvae of the blow -fly 
Calliphora erythrocephala which have been ligated so as to prevent the 
secretion of the ring gland from reaching the abdomen, the injection of 
ecdysone into the abdomen induces pupation In Lepidoptera, ecdysone 
causes not only pupation but also characteristic color changes, it is 
essential for the development of the adult inside the pupa Furthermore, 
a-eedysone is active in promoting moHmg in hemimetabolous insects 
(e g , the tropical bug Rhodnius prolixus) 

The juvenile hormone elaborated by the corpus allatum appears to be 
soluble in organic solvents, and is present in significant amounts in the 
abdomen of male adult Cecropia, its chemical nature has not been 
established 

The enzymic processes directly influenced by ecdysone and the juvenile 
hormone are unknown Althou^ the phenomenon of pupation appears 
to involve the participation of tyrosinase, ecdysone does not activate this 

iw A Butenandt and P Karlson Z NaturJoTsch , 9b, 389 (1954) 

HOC M Williams Nature, 178, 212 (1956) 

m P Karlson et al , Z physiol Chem , 300, 35, 42 (19o5) 
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other factors {“wound hormones,” “fiotvenng hormones”) ha\e also been 
included in this category, and some of the B Mtamms, steroids, and 
carotenoids ha\ o been classified as phytohormones The discussion to 
follow w ill be concerned only w ith those phytohorraones not treated else- 
where m this book In Tabic 5 are listed the groups of plant hormones 
that ha\e been studied most octensively 



Table S Plant Hormones 


Type of Hormone 
Growth hormones 

Physiological Effect 
Stimulation of cell elonga- 
tion 

Tissue Response 
Longitudinal growth of 
shoots 

Tropisma of shoots 
Grottih of leaf veins 


Induction or stimulation of 
cell division 

New root formation 
Cambial growth 

Fruit formation and par- 
thenocarpj 

Callus growth 


Inhibitory effect 

Root growth 

Lateral bud development 
Abscission of petioles and 
fruit stalks 

Floaer formation? 

Cell division hor- 
mones 

Induction or stimulation of 
cell division 

"Wound callus” 

Flowenng hormones 

Induction or stimulation of 
Rower formation 



Plant Growth Hormones *** The concept of plant growth hormones 
arose as the result of studies on the tropisras, or cunatures, of plant 
tissues m response to light (phototropisra) or gra\ity (gcotropism) The 
work of Charles and Francis Darwin in the latter part of the nineteenth 
century showed that such tropic responses were go\emed bj the growing 
point of the tissue and that the “influence” responsible for the curvature 
of a grass colcoptile (leaf sheath) spreads downward from the apex or 
growing tip to the base of the tissue Tropisms in plants were subse- 
quentlj found to involve the preferential elongation of the cells on one 
Bide of a shoot or root, such cell elongation is stimulated bj specific 
substances called auxins (Greek citretn, to increase) The term auxin 
IS now used to describe any organic compound which, m low concentra- 

111 J Bonner, J/arvey Lectures, 48, 1 (1954) K V Thunann and A C Leopold, 
m G Pincus and K V Thimann, The Hormones, Vol HI. Academic Press Xew 
York, 1955, L J Audua, Plant GrotHh Substances, Interscience Publishers, 

York. 1953 



THE HORMONAL CONTROL OF METABOLISM 


971 


derned from tissue glycogen Other biochemical factors important in 
the molting process (i\ater balance, metabolism of calcium and of phos- 
phate) also appear to be under endocrine control 
The pigments responsible for the body color of crustaceans are found 
in the small bodies termed chromatophorcs, which are either in or just 
under the hjpodermis The apparent color of the animal is determined 
by the relative dispersion and concentration of the various pigments 
within each chromatophore, and this, in turn, is controlled almost exclu- 
sively bj hormones The secretion of color-change hormones appears 
to depend on a diurnallj rhjthmic mechanism and on the stimulation 
of the nerves of the compound eje Thus some crustaceans can adapt 
their bod) color almost at will to match that of their environment 
In general, the effects of the hormones that control body color have 
been studied with “eyestalkless” animals, the species most frequently 
used are Palaemonetes (a shrimp), Crago (a shrimp), and I7ca (the 
fiddler crab) A variety of hormones have been associated with the 
chroraatophoric pigment changes Apparently, the “lightening hormones” 
induce the contentration of the dark pigments (red, black), thereby 
blanching the body color of the animal, the “darkening hormones” cause 
the dispersal of these pigments within the chromatophorcs Extracts 
exhibiting each type of hormonal activity have been prepared from the 
appropriate tissues None of the hormones that control the chromato- 
phore systems of crustaceans has been identified with any known hormone 
of insects or vertebrates, although the C/ca-darkcning hormone appears 
to resemble intermedin (p 954) in some respects 
To the effects of eyestalk removal discussed above must be added a 
marked increase in the size of the ovary (in females) and of the testes 
(in males) The ripening ovary of crustaceans produces a hormone that 
resembles progesterone (p 638) in its action 
Each of the ommatidia of the compound eyes of crustaceans contains 
three types of pigment cells The position of the pigment within the 
cells and the position of the “proximal-pigment cells” within the omma- 
tidia depend, in large part, on the intensity of light to which the eyes 
are exposed It has been shown that the relative positions of the retinal 
pigments are at least partially under hormonal control 


Plant Hormones 

The term plant hormone, or phytohormone, is applied to any biologi- 
cally active organic material of plant origin that is effective in very 
‘=mall amounts at a site remote from the tissue where it is formed 
Although the use of the word hormone in plant physiology was originally 
adopted to describe specific growth-promoting substances (“auxins”) 
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Plant tissues also contain in(loIyl-^-acetaldeh><Ic, \shich has weak 
auxm actuity, but is reachlj- oxidized cnzjmically to lAA In addition^ 
5ndol>l‘-3“acetonitnle {side chain, — CHjCN) occurs in se\cral plants, for 
some coleoptiles it is a more effective auxin than is lAA Reports b> 
Kogl on the isolation of two active cyclopentenc derivatives (auxin a 
and auxin b) liavc not heon confirmed, so that at present the onlj well- 
established natural auxins arc indole dematnes, notablj lAA 
IndolcaccUc acid is inactivated m plant sj stems, and the stcad>-state 
concentration of lAA at its site of action is probably a resultant of the 
relative rates of access of the auxin and its destruction Among the 
factors that are known to inactivate lAA are (1) pliotooxidation cata- 
lyzed by nboflavin, chlorophyll, and a variety of fluorescent dyes, and 
(2) an "lAA oxidase” system, winch appears to invoUe the action of a 
peroxidase, some plant tissues contain an inhibitor of lAA oxidase^” 
Although indo1e-3-aldchydc (inactive as an auxin) may be a product of 
the oxidation of lAA, tiie mechanism of the process has not been 
elucidated 

Ab noted m Table 5, natural auxins not only stimulate cell elongation 
m shoots, but also exert a stimulatory effect on cell division and growth 
m some tissues and inhibit growth or development in other tissues A 
number of aromatic compounds (eg, a-naphthalenc acetic acid, 2,4- 
dichlorophcnoxy acetic acid) are known to produce one or more of these 
effects in plants However, the specific activity of these synthetic auxins 
relative to that of lAA may vary greatly and it depends on the physio- 
logical proccbs under investigation Some of the compounds act as auxin 
antagonists in its effect on root elongation, others promote the action 
of lAA The inhibitory effect may be related to competition with lAA 
for an enzymic system, and the synergistic effect may be to promote 
auxin transport 

The biochemical basis of the action of auxin has not been elucidated 
It IS known tint increased respiration is associated with auxin action, 
and involves the aerobic oxidation of carbohydrates and of organic acids 
This nsc in the rate of respiration is accompanied by an increase m the 
uptake of water, possibly by an energy -requiring process In this con- 
nection, it IS of interest that lAA also promotes the uptake of ammo 
acids (glycine, glutamic acid) by plant cells”® 

Get! Division Hormones An injury to plant tissues is followed by 
tbc production of scar tissue or “wound callus” at the site of the wound 

B Stowe and K V Thimann Arch Btochem and Siopfey? , 5I» 
iiTW A Conner and M Kent, J Btol Chem, 204, 693 (1933) 

M Ray and K V Thtmann, Saence, 122, 187 ( 1055 ), Arch Biochem and 
Btophyg 44 , 175 ( 1950 ) 

”9 h RemhoM aod R G Powell, Nature, 177, 658 <1930) 
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tions, promotes growth along the longitudinal axis of shoots, this process 
IS the result of cell elongation, and not of cell multiplication 

The role of auxins as the controlling agent of manj tropic responses 
has been explained bj a hypothesis first proposed bv Cholodnj and sub- 
sequently confirmed by Went The negative geotropism of a shoot (i e , its 
curvature away from the earth) is attributed to an increased concen- 
tration of auxin in the cells on the lower side of a shoot held in a hori- 
zontal position, since the cells on the lower side elongate more rapidly 
than those on the upper side, the bhoot curves upwards Similarly, the 
accumulation of auxin on the lower side of a root held in a horizontal 
position IS thought to inhibit cell elongation on this side and to induce 
the positive geotropism characteristic of roots Presumably, the lateral 
distribution of auxins in an upright shoot is affected by light in such a 
way as to produce phototropic responses The ability of auxins to 
induce the formation of new roots, a process generally studied m pieces 
of stem or "cuttings,” appears to involve the normal downward transport 
of the growth hormones from the growing tip with the resultant accumu- 
lation of auxins in the basal region of the cutting and the production 
of root initials 

It was demonstrated by Went in 1926 to 1928 that the plant growth 
hormones can diffuse from excised colcoptile tips into agar blocks and 
that, when the agar block is applied to decapitated coleoptiles, cell 
elongation occurs However, the concentration of active material in 
these tips was too small to permit isolation, and other natural materials 
were tested as possible sources of hormones (For a description of the 
technique used to assay for auxin activity, see Went and Thimann 

The best known auxin is indoly l-3-acetic acid (indolcacetic acid, lAA), 
probably derived from tryptophan via indoly 1-3-pyruvic acid (p 846), 
or via tryptamine lAA is widely distributed in higher plants, and 
the plant tissues richest m lAA appear to be most active in effecting its 
formation from tryptophan The hormone is formed in rapidly growing 
tissues (coleoptile tip, apical bud, young leaf, root tip, etc ) Much of 
the lAA in plants exists in conjugated form, such as lAA-protem com- 
pounds lAA occurs in human urine, probably as a consequence of the 
ingestion of plant foods 


Or 


CHgCOOH 


Indolyl-^MsfaC acid (lAA) 


W Went and Iv V Thimann, Phytohormones, The Macmillan Co New 
"iork 1937 
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Vitamins 

and 

Growth Factors 


In 1906 T G Hopkms suggested that the dietarj* requirements of 
animals include certain unknown “nunimal qualitative factors," present 
in the tissues of plants and animals and similar to the “dietetic" factors 
then knoun to be in\ohed m sucii diseases ns Bcur\> and rickets Six 
years later Hopkins^ presented the first conclusive evidence that natural 
materials contain "accessory factors" which “secure the utilization for 
growth of the protein and encrg> contained in artificial mixtures 
of purified proteins, fats, carboh>dratcs, and inorganic salts” 

Those accessorj factors have proved to be organic compounds of rela- 
tivclj simple structure and arc required in small amounts, conaequentI> 
they are not utilized ns sources of energy or of ammo acid nitrogen 
They are called vitamins, a name proposed b> Funk m 1912 to describe 
the dietetic factors that prevent or cure deficiency diseases of higher 
animals Onginall> this term was spelled vitaraines, since Funk 
believed the antibcnben factor m rice polishings to be an amine essen- 
tial for life (Latin utc, life) The term "vitamin" is usually employed 
to denote accessory factors for microorganisms as well as animals, 
although some microbial forms require "growth factors" that are not 
among the recognized dietary essentials for any higlicr animal A 
able reference work on vitamins has been edited by Sebrell and Harris - 
For historical reasons, the nomenclature used in the vitamin field is 
often confusing In general, these accessory factors are divided into two 
mam groups (1) the water-soluble vitamins, and (2) the fat-soluble 
vitamins {and provitamins) designated by the letters A, D, E and K 
In the group of water-soluble vitamins are ascorbic acid and the ever- 
increasing number of compounds referred to as members of the vita- 
min B complex ” According to R J Williams, for a compound to be 
G HopUns, / 44, 425 (1912) 

2 W H Scbretl, Jr , and K S Harr« The Vttamxns, Vols I-UI, Academic Press, 
New York, 1951 
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This IS due to the induction of cell dmsion of already fully matured 
plant cells and appears to be under the control of tno hormonal prin- 
ciples One of these probablj is auxin, and the second is a "nound 
hormone” liberated b> the injured cells A isound hormone has been 
isolated from the juice of crushed bean pods and shonn to be A^-decene- 
l,10-dicarbo\jlic acid (traumatic acid) A number of other dicarbox- 
HOOCCH=CH(CH2)8COOH 

Traumatic acid 

ylic acids closely related in structure to traumatic acid also show wound 
hormone activity In addition, a varietj of other substances are known 
to stimulate cell diMsion m higher plants Among these are 1,3- 
diphenjlurea (CqHsNHCONHCcHs), present in coconut milk, and 
deri\ati\es of anthocyanins^-* (p 669), as well as 6-furfur>larainopurine 
(p 207), which mij be derived from DNA^-^ The biochemical mech- 
anisms whereby traumatic acid and other cell diMSion hormones exert 
their physiological effect arc unknown 
Flower-Forming Hormones Flowering depends on the exposure of a 
plant to alternating periods of light and darkness, and appears to be 
controlled bj hormonal principles termed “flongens,” which induce flower 
formation Although attempts to prepare plant tissue extracts that ha\e 
flower-forming acti\it> have been uniformly unsuccessful, a large bod> 
of data from man} laboratories supports the \ lew that lca^ cs are actu ated 
b} photopenodic stimuli to produce flongens which are translocated to 
the growing points Furthermore, it has been reported that the “hor- 
mones” are not species-spccific and that the same substances are actne 
m long-day and m short-da} plants In the isolated instance of the 
pineapple, flowering is induced b} s>nthetic auxins, but not by lAA, 
possibly because of the rapid destruction of lAA in pineapple leaves 
The fungus Gibberella fujiKuroi elaborates substances (gibberelhc acid, 
gibberellm Ai, gibbcrelhn A 2 ) that exert an auxin-hke action in promoting 
shoot growth b} cell elongation and, in addition, induce flower formation 
The possibility exists that these fungal substances are closely related to 
natural hormones of higher plants The chemical structure of the gib- 
berellins has not been elucidated, but gibberellic acid, the most readil} 
accessible member of the group, appears to be a tetrac}clic dihydrox}- 
lactonic acid of the composition Cis>H 2206 

J English, Jr, et al , Proc Natl Acad Set, 25, 323 (1939), J Am Ckem Soc , 
61, 3434 (1939) 

M Shantz and I C Steward, J Am Chem Soc 77, 6351 (1955), Plant 
Physiol 30, SuppI 35 (1955) 

’--C 0 Miller et nl J Am Chem Soc, 77, 1392 (1955) 
i23p Brian and J F Gro>e, Endeavour, 16, 161 (1957) 
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m the intestinal tract make important contributions to the supplj of 
Mtarains available to tlie host animal^ Thus the lack of a dietarj 
requirement bj an animal for a ccitain \i(amm ma> mean that sufficient 
quantities of the factor are made a\ailablc to the organism bj intestinal 
microorganism'! The intcstm.il flora also may utilize or dcstroj some of 
the dietarj Mtamins, thus making them unavailable to the host Since 
the microbiological character of the intestinal flora is influenced by the 
composition of the diet, the vitamm requirements of an animal maj 
change if the proportions of dietary carbohydrate, fat, and protein are 
marked!^ altered 

Although the vitamin requirements of higher plants have not been 
fully elucidated, it appears probable that microorganisms contribute 
vitamins to the nutrition of plant tissues Studies with excised roots 
and plant embryos funder sterile conditions) have shown that an 
exogenous supply of several B vitamins is required by such tissues of 
a number of plants (eg, tomato, pea alfalfa, carrot) 

Ascorbic Acid (Vitamin C)* 

Scurv’y, the human disease resulting from a deficiency of ascorbic 
acid, has been known for many centuries, and the curative action of 
citrus fruits has long been recognized The discovery, made at the 
beginning of the present century, that the guinea pig is susceptible to 
scurvy, provided a test animal for the study of this metabolic disorder 
In 1932 Waugh and King isolated the curative agent (vitamin C) m 
c-rystalimc form from lemon juice, this cry'stalhne material was identical 
with the "hexuronic acid” previously obtained by Szent-Gyorgyi from 
adrenal cortex, oranges, and cabbage juice, and was given the nwie 
ascorbic acid The structure of ascorbic acid (L-ascorbic aoid, L-xylo- 
ascorbic acid) was established by degradation and by synthesis m 1933 
Among higher animals, only pnmates and the guinea pig require a 
dietary supply of vitamin C, since they' are not able to convert L-gulono- 
lactone to ascorbic acid (p 540) , other animals (eg, rats) can sy nthesize 
the vitamin from carbohydrate As mentioned previously (cf p 539), 
higher plants (eg, pea seedlings) can also effect the biosynthesis of 
ascorbic acid This compound is not an essential constituent of the 
culture media for most injcroorgamsms, and some organisms fe g , yeast) 
do not seem to contain a*!Corbic acid, it is catabohzed, however, by some 
bacteria, including strains isolated from human feces 
Ascorbic acid js a strong reducing agent (cf p 299), and this property 
provides the basis for the quantitative estimation of vitamin C A 

’ 0 MicXelsen Vttamtns and Hormones, 14, I <1956) 

*A P Mciklejohn, Vtlamms and Hormones, 11, 61 (1953) 
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classified as a member of the B group, it must act, or be presumed to act, 
as part of a biocatalytic sjstem The fact that manj B \itamins have 
already been shoun to occur as essential constituents of cofactors for a 
variety of enzyme systems helps to explain the \ital importance of these 
compounds 

An examination of the early historj of research on the vitamins® 
shows that the present status of this aspect of biochemistry is the out- 
growth of work in many apparentlj unrelated fields, this is especiallj 
true with respect to the water-soluble vitamins of the B complex For 
example, thiamine (vitamin Bi) was isolated in pure form as a result 
of an intensive search for the antibcriben factor, ri boflavi n (vitamin Bo) 
was first shown to be a constituent of the prosthetic group of the JSellow 
enzyme" obtained from yeast and then was demonstrated to be an eSseK^ 
tial accessory factor for animals and for certain bacteria, pantothenic 
acid was initiall> recognized as a growdh factor (a constituehtroi ■’Dios ')” 
for yeast and only later shown to have activit> for animals 
The study of microbial nutrition contributed much to the elucidation 
of the biochemical function of the water-soluble vitamins In particular, 
the technique known as “competitive analogue-metabolite inhibition” 
has applied to growth studies with microorganisms the concepts devel- 
oped earlier to explain the action of inhibitors on isolated enzyme 
systems (cf p 2b0) This technique is an outgrowth of the observation^ 
that the bacteriostatic effect of sulfanilamide is compctitivelj reversed 
b> p-aminobenzoic acid, a compound not previously known to possess 
any biochemical function It was suggested that the sulfonamide, a struc- 
tural analogue of p-aminobcnzoic acid, served as a competitive inhibitor 
of a bacterial enzjme sjstem for which p-aminobenzoic was an essential 
cofactor This hypothesis received support from subsequent work on the 
biological action of p-aminobenzoic acid Woods' discoverj of the antag- 
onism between these tv\o aromatic amines prompted a wide search for 
chemotherapeutic agents among structural analogues of compounds 
known to have metabolic importance® The application of competitive 
analogue-metabolite inhibition to the studj of microbial metabolism was 
developed by Shive and his collaborators,® this technique also has been 
used to advantage in work on mammalian metabolism 
Studies of animal nutrition have shown that the microorganisms present 

®H R Rosenberg Chemistry and Physiology of the I tlamtns, Intersciente 
Publishers New Jork, 1942 

D Woods Bnt J Exptl RalA, 21. 74 (1940) 

®R 0 Roblm Jr Chem Revs, 38, 255 (lO'lO), A Albert Selective Tozicity, 
Methuen and Co London 1951, D W 'Woolley, A Study of Antimetabohtes, 
John Whle> A, Sons New "iork, 1952 

®R J Williams et al , The Btochemtstry of the BAitamtns, Reinhold Publishing 
Corp New 'iork, 1950 
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that the vitamin is rapidly taken np by the h-ver, spleen, adrenals, skin, 
cartilage, and especially the teeth It is of interest that essentially all 
the in the cartilage (nasal septum) uas found to be present as 
ascorbic acid, no isotope could be detected m the chondroitm sulfate or 
collagen fractions isolated from this tissue 
Studies with C^'*-labcled ascorbic acid ha\e shonn that, in guinea pigs, 
the mam route of its breakdown leads to the rapid production of CO 2 
from all the carbon atoms of the vitamin A small amount of the 
isotope was found in the urine m the form of ascorbic acid, dehydro- 
ascorbic acid, and diketogulomc acid, in addition, labeled oxalic acid 
(presumablj derned from carbon atoms 1 and 2 of ascorbic acid) was 
present It is noteworthj that, m man, the only knowTi metabolic 
products of the vitamin arc dchydroascorbic acid, diketogulomc acid, 
and oxalic acid, ascorbic acid-l-C*^ is not oxidized appreciably to 
The mechanisms wherebj ascorbic acid gives rise to CO 2 and oxalic 
acid in animal tissues have not been elucidated, but it is assumed that 
the initial step is a conversion to dchydroascorbic acid This oxidation 
IS cataljscd bj mnn> enzjmc s> stems, including polyphenol oxidase, 
peroxidase, cjtochromc oxidase, and a specific ascorbic acid oxidase found 
m plants Ip 308) 

The occurrence of several metabolic abnormalities m vitamin C- 
dcficicnt iminals has led to the suggestion tlmt ascorbic acid participates 
m the oxidative degradation of t>rosme and m the formation of tetra- 
hjdro derivatives of pteroylglutamic acid*^ However, ascorbic acid 
docs not appear to act as a specific cofaclor in either process, and its 
role IS probnbl} that of a reducing agent This property of ascorbic 
acid also inaj be inv’olved in the utilization of in ferritin {cf p 
912) for the formation of Fe- ■''-containing enzymes^® 

The B Vitamins 

Thiamme tVitamln Bjl The first member of the B complex to be 
identified was thiamine, whose structure was determined b> R R 
Williams and his collaborators Thiamine is the simplest of the naturally 
occurring compounds with vitamin Bj activitj All the more complex 
structures showing such biological activity contain a thiamme unit, thus 
thiamine occurs m yeast and m animal tissues mainly as thiamme pjro- 

10 J J Bums et al, / Biol Chem, 191, SOI (IQ51) 

JU J Bums ct nl , J Biol CAem, 218, 16 (1950) 

Guggenheim et al , Btochem J , 62, 281 (1956) 

«Y Takeda and M Kara, 3 Btol Ckem, 214, 657 (1555) 

A Robmson, The tiloOTin B Complex, John Wiley and Sons, New lork, 

t95I 



VITAMINS AND GROWTH FACTORS 


979 


\aluable method imohes the oxidation of the vitamin to dehjdroascorbic 
acid, which is then allowed to react with 2,4-dinitrophenylhjdrazine to 
form the red bis-2,4-dmitrophcnjlh>drazone, the concentration of this 
product IS estimated colorimetricallj ® 
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The oxidation of ascorbic acid to the dchjdro compound can be 
effected by a \ariety of mild oxidizing agents ‘(including djes such as 
2,6-dichlorophenolindophenol, p 302), or by molecular oxjgen in the 
presence of traces of copper or of actuated charcoal Dehjdroascorbic 
acid can be reduced to ascorbic acid by treatment with H 2 S, glutathione, 
or other sulfhydryl compounds In phosphate buffer, even at pH 7, 
dehjdroascorbic acid is relatuelj unstable and undergoes hjdroljsis 
to the more stable dikcto-L-gulonic acid, which does not have vitamin C 
actiMt> On the other hand, dehjdro-L-ascorbic acid, like ascorbic acid, 
exhibits \itamin C actiMtj for man (and other primates) and for guinea 
pigs 

Although little, if anj, dch). droascorbic acid or diketogulonic acid 
is present normally in animal tissues, these eompounds are formed in 
VIVO from ascorbic acid, and are excreted in the urine by man and by 
guinea pigs, in both species, deh> droascorbic acid can be con\erted to 
diketogulonic acid and to ascorbic acid 

The administration of n-ascorbic acid to normal human subjects is 
usually followed promptlj by the urinary excretion of a relatuely large 
proportion of the test dose Onlj replete subjects show this response, 
and a deh> in the excretion of ascorbic acid after the ingestion of 50 to 
100 mg of the \itamin is taken as an indication of Mtamm C deficiency 
This test re\eals a depletion of tissue ascorbic acid long before the onset 
of scur\y, the characteristic lesions of which are petechial hemorrhages 
m the skin and mucous membranes and degeneriti\e changes in the 
cartilage and bone matrices Expenments on the fate of L-ascorbic 
acid-l-C^'* m normal and in \itamin C-deficient guinea pigs indicate 

H Roe and C A Ivuethor J Biol Chem , 147, 399 (19-13), R R Schaffert 
and G R Ringslcj, tbid, 212, 59 (1955) 
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m many animal tissues and in microorganisms, and it m\olves the 
participation of ATP Yeast cells also con\crt thiamine to thiamme 
monophosphate and thiamine triphosphate, neither of which has co- 
carboxjdase actnity,^® the triphosphate is hydrolyzed to TPP by apyrasc 
(p 489) 

As mentioned prcMously, TPP participates not only in the reaction 
catalyzed yeast carbo\ylase, but also in the enzymic conversion of 
pyruvate to acet>l»CoA {cf p 481) and to acetom (cf p 480), in the 
enzjmic decarboxjlation of a-ketoglutarate (cf 505) and of other keto 
acids, and in the reaction catalyzed by transketolase (cf p 529) 
Although all the enzymic reactions that require the participation of TPP 
appear to involve the initial conversion of the substrate to an “active 
aldehjde” that is either released as a free aldehyde (eg, acetaldehyde) 
or IS transferred to a suitable acceptor (as m the formation of acetom), 
the cliemical mechanism whereby TPP facilitates these transformations 
IS obscure 

The first sjstematic study of the effects of vitamin deficiency, m 
pigeons, was made by Eijkman, m the ISQO’s The human deficiency 
disease, tailed bonben, appears to have been known in the Far East 
for over 1000 years, its prevalence in that region is due to the use of 
polished nee from which most of the vitamin has been lost during the 
miUmg process In the human, thiamme deficiency generally leads first 
to loss of appetite (anorexia) and nausea, as the deficiency develops, there 
appear both neurological symptoms (leading ultimately to peripheral 
neuritis and degeneration of the medullary sheath) and cardiac mani- 
festations (which may result m death due to cardiac hypertrophy) The 
symptoms m other mammals and m birds are similar to those m man 

Accompanying these external alterations are biochemical changes in 
the blood, unne, and tissues Thus the amount of free thiamine and 
of TPP in the tissues falls markedly, and there is an increase in the level 
of pyruvic acid and lactic acid in both the blood and urine From what 
has already been said of the role of TPP in the metabolic conversions 
of pyruvate, the increased pyruvic acid content of avitaminotic animals 
IS readily understandable, the accumulation of lactic acid appears to be 
due to the fact that tlie action of lactic dehydrogenase is inhibited by 
high concentrations of pyruvic acid Since the oxidative catabolism 
of lactate and pyruvate is essential for the normal activity of brain 
tissue, and since pyruvate is an important source of the acetyl group of 
acetylcholine (cf p 578), it follows that any interference with the oxi- 
dativ'e decarboxylation of pyruvic acid may he expected to pioduce 

isr leulliardt and H Nielsen flelv Cktm Acta 35, 1I9G (1952), E P Ste>H- 
Pant Biachtm et Bwphys Acta, 8, 310 (1952) 

*»K H IvjesPlmg, Bjoclitw et Btopkys Acta, 20, 203 (1959) 
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phosphate (also called diphosphothiamine, cocarboxylase, or TPP), and 
this molecule may be bound to a protein enzj me such as yeast carboxyl- 
ase (cf p 475) Vitamin actnitj is also found m higher plants, especially 
in cereal products, but here thiamine is generallj not found in the 
phosphorylated form 

Not only thiamine itself but also some derivatnes in ^vhich the 
thiazolo ring has been opened exhibit biological activity for higher 
animals, including man, among tlic&e are the disulfide form of thiamine 
and “allithiamine ” (In the accompanying formulae, R denotes the 
pyrimidine portion of the thiamine molecule ) It is of interest that 
“allithiamine” can be formed by extracts of garlic from the thiamine 
and allim (p 60) present as normal constituents of this plant 
Thiamine is essential in the diet of all higher animals except under 
conditions in which the production of the vitamin by intestinal bacteria 
completely satisfies the requirements of the animal host Many micro- 
organisms sj nthesize thiamine de novo, the more exacting species exhibit 
se\eral types of requirements (I) \anous organisms can grow if 
supplied with a mixture of the thiazole and pyrimidine components of 
the thiamine molecule, (2) others require onlj one of these components 
and apparentlj are able to sjnthcsizc the other, (3) a relatively small 
number, including seieral yeasts, show an absolute requirement for 
thiamine It is probable that thiamine can be synthesized m most higher 
plants, although some excised tissues, such as roots, ha\e been found to 
require a preformed source of the thiazole or pjnmidine portions 
Little is known about the sequence of synthetic reactions in the for- 
mation of the Mtamin Studies with thiamine-requiring strains of 
Neurospora suggest that this organism can synthesize thiamine by a 
direct coupling of the thiazole and pjnmidmc units The conversion 
of thiamine to thiamine p j rophosphate (TPP) has been demonstrated 

*5 A Fujita Advances m Emymol 15, 389 (1954) 

J Bonner and H Bonner Vttamtns and Hormones, 6 , 225 (1918) 

L Harris, A rc)i Biochem and Btophys , S7, (1955) 
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of the vitamin For example, neopynttuammc (an analogue of thiaimne 
m ^hicli a pjridmc nucleus has been substituted for the thiazole nucleus) 
produces many of the symptoms of thiamine deficiencj in animals and 
interferes mth the conversion of thiamine to TPP bj the “thiamine 
kinase” of rat liver Oxythiarnme (the 4'-hydroxj analogue of thiamine) 
inhibits yeast thiamine kinase, but appears to be ineffective on the 
mammalian enzyme system 

Various methods are available for the estimation of the thiamine 
content of natural materials ^ The older biological assays vith polv- 
neuntic pigeons or vith rats have been largely supplanted by micro- 

N '^~CH2'~N C-CHa 

II } 1 II 

HsC— C. — N=:C. -C-CHsCHiOH 

'nuoctsioiBe 

biological methods, of these, a yeast fermentation method is the one 
most commonly used An important chemical procedure for the deter- 
mination of thiamine msoKes its oxidation to thiochromc which has a 
blue fluorescence whose intensity may be measured photometrically 
Riboflcivm Riboflavin is the simplest of the naturally 

occurring compounds which, wlien included in the diets of higher animals, 



13) can seiwe as a dietary source of this \itamin if during digestion the 
prosthetic group is clea\ed from the conjugated protein and is made 
available for absorption Several synthetic compounds also have ribo- 
flavin activity for rats and for some bacteria (Table i) , these compounds 
differ from riboflavin {6,7-diraethyI-9-(l'-D-ribjtyl)-isoa]loxazinej in the 
substituents at either the 6 or 7 position of the isoalloxazmc nucleus 
Alteration of the substituents at positions b or 7 may also give compounds 

that inhibit the utilization of riboflav * ‘ ’ ’*L 

i shown by the_5,g::dmethyl analogue " ■' ■■ 

fiav'ins (e g , n-gahetoflS^^—that Contain sugar alcohols other tiian 
> D>nbitol 

^ P Lambooy J Biol Chem 188, 459 <1951) 
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abnormalities of the ner\ous s-ystem The close relation between 
thiamine and carbohydrate metabolism is indicated further bj the ob- 
scr\ation that rats are able to survi\e many months without dietary 
thumme if their diet contains no carbohydrate The addition of glucose 
to the diet of such thiamine-deficient rats leids to loss of weight, poly- 
neuritis, and death 

It should be noted, ho\\c\er, that high levels of blood pyruvate in 
experimental animals may be caused by factors other than a thiamine 
deficiency, and the administration of thiamine does not always restore 
the blood pyruvate to normal values In some cases of clinical poly- 
neuritis (usually associated with elevated blood pyruvate after the 
administration of glucose), the blood pyruvate does not return to normal 
levels when thiamine is given 

Certain foodstuffs contain substances that prevent the utilization of 
dietary thiamine in the normal manner One of the most important 
of these is the enzyme thiammase,*'’ whose action is responsible for a 
disease (Chastek paralysis) in foxes-® This enzyme, present in the 
raw fish included in the fox diet, destroys thiamine by a reaction in 
which the thiazolc unit is replaced by other bases in fish tissues Partially 
purified preparations of thiaminase catalyze the reaction of thiamine 
with a variety of basic compounds (eg, pyridine, aniline, quinoline), 
the reaction with pyridine is shown Similar enzymes occur in some 

N C—CH, 

+ 11 II 

CH^g^C— CH 2 CH 2 OH 

4-MeUiyl-5-^-)iydro<y« 
etiiyltluizola 

marine invertebrates (clams, lobsters, crabs), intestinal bacteria, and 
plants (eg, ferns), but appear to be absent from mammalian tissues 
Crude tissue extracts that contain thiaminase effect the hydrolysis of 
thiamine to 4-methvl-5-^-hydro\yethylthiazole and pyramin (2-methyl- 
4-dmino-5-hydroxymethylpyrimidinc), presumably by the combined 
action of thiaminase and a hydrolytic enzyme Pyramin and thiamine 
constitute the major excretorv products of thiamine metabolism in man, 
and these two substances are promptly excreted in the urine of replete 
individuals given large doses of the vitamin 

In addition to thiaminase, "antithiamine substances” of nonenzymic 
nature have been shown to be present in ferns and many higher plants, 
these substances appear to be fiavonoids Several synthetic compounds 
that are structurally related to thiamine interfere with the utilization 

20 V\ H -iudkm Physiol iJevs, 29, 389 (1&19) 
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oxidations, and their enz>mic ^nthesis from ribofla\m, were discussed 
m Chapter 13 It wiU be recalled tlmt either FMN or FAD is invohed 
in the cnzjmic oxidation of glucose (cf p 339), of fatty acids (cf p 
597), of amino acids (cf p 752), and of purines (cf p 855) Although 
the biochemical action of nbofla\in has been fairly well defined, it has 
not been possible to show how this activity is related to the syndrome of 
ribofiaMn deficiency in higher animals In man such a deficiency is 
characterized bj inflammation of the tongue (glossitis) and lesions at 
the mucocutaneous juncture of the mouth (cheilosis) Also there are 
^ changes in the eye, including marked corneal vascularization, plioto- 
^ phobia, and other ocular symptoms General bodj weakness and 
■s. dermatitis may occur However, a simple anboflavinosis is rare!} seen 
>. in man, since diets deficient in riboflavin usually arc deficient in other 
B vitamins, especially nicotinic acid 
A considerable body of data from experiments with plant tissues and 
plant enzyme preparations has suggested tlmt riboflavin and fiavoprotems 
may play a significant role in the response of plants to light, particularly 
\ m the phototrophic curv aturc of various plant organs^® (cf p 972) It 
may well be that the nbofiavm molecule serves as a photoreceptor m 
biological systems other than those of higlier plants, the well-known 
ocular changes in higher animals deficient m this vitamin has led to 
s. suggestions that nboflav in is involved in vision 

The tissues and urine of animals fed diets deficient in nbofiavm show 
depressed levels of riboflavin and of its nucleotides, m addition, enzymic 
activity ascribed to fiavoprotems (eg, n-amino acid oxidase, xanthine 
oxidase) appears to be diminished in the livers of avitaminotic rats*® 
Among the excretory products of nbofiavm is the fluorescent substance 
J uroflavm (aquaflavm), a degradation product of the vitamin that is 
4 found m moist unne samples Another fluorescent alloxazine derivative, 
y lumichrome (p 331), is also found m the unne (and milk) of ruminants 
This degradation product of nbofiavm can be formed from the vitamin 
by some soil mieroorgaiusms (eg, Pseudomonas nbofiavina) that cleave 
nbofiavm to lumichrome and nbitoP® Presumably the intestinal bac- 
teria of ruminants are responsible for the presence of lumichrome in 
unne and milk, since it has not been detected in the fluids of other higher 
animals Lumichrome does not have nboflav m activity for any organism 
on which it has been tested, in some instances, it acts as a growth 
inhibitor 

2® A V\ GvHtoo, finener. 111, 6X9 (1950), Botan Jlcv. 16, 361 (1950) 

S’ M Heiman, Arch Ophthalmol 2S, 4^ (1942) 

=»A E Avelrod antic A EKehicm J Bxol C&cm , 140, 725 (1011) 

29 T \anagttaand J W Foster, / Biol CAetn , 221, 593 (195G) 

20 H K Mitchell and M B HoviJahan, Am J Botany, 33, 31 (1916) 
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Table I Biological Activity of Derivatives of 9 (r-Ribityl]> 
isoalloxazine 


Substituents on Ring A 


C Position 7 Position 
CHs CHa 

CHa H 

H CHa 

CoHs CHa 
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t Beha\es as an antagonist of riboflavin 


Activnty 

Lactobacillus 


Rats caset 

+ + 



Riboflavin is sy nthesized by most highe r plant s and by a variety of 
microorganisms TTHej east Ashbya gossypit produces the vitamin m such 
'lAlge iilnounts thatl^oflavl^'cryBtnis'a'feTormed in the culture medium 
This organism, and the closely related Eremothecium ashbyii, have 
proved valuable in the study of the pathways of riboflavin biosynthesis 
The production of the vitamin by growing cultures of E ashbyii is 
markedly stimulated by punnes,*- and C*'*-Iabelcd adenine was found 
to be used for riboflavin formation by a process in which carbon 8 of 
adenine (cf p 187) is lost, but the remaining carbon atoms of the 
purine are incorporitcd into ring C of the vitamin^® A gossipii and 
E ashbyii utilize the known precursors of purines (formate, COg, 
glycine) to make ring C of riboflavin, and at least one of the nitrogen 

atoms of ring B (like nitrogen 7 of the purines) is derived from glycine 
It appears, therefore, that rings B and C of riboflavin arise from an 
intermediate related to the purines The remainder of the riboflavin 
carbon (m the dimethy Ibenzene and nbityl portions) can be derived 
from glucose or from acetate,^* but the mechanisms by which these 
precursors are used to make the vitamin have not been elucidated as yet 

The importance of the flavin nucleotides (FMN and FAD) m biological 

22 J A MacLaren. J Bad, 63, 233 (1952) 

23 W S McNutt, Jr J Biol CAcm, 210, fill (1954), 219, 365 (1956) 

2* G W E Plaut J Biol Chem , 208, 513 (1954), T W Goodwin and 0 T G 
Jone? Biochem J , 64, 9 (1956) 

25 G W E Plaut and P L Btoberg, / Btol Chem, 219, 131 (1956) 
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oxidations, and their enz>mic s>nthesis from nbo{la\in, were discussed 
in Chapter 13 It will be recalled that either FMN or FAD is invohed 
m the enzymic oxidation of glucose (cf p 339), of fatty acids {cf p 
597), of amino acids (cf p 752), and of punnes (cf p 855) Although 
the biochemical action of ribofla\m has been fairlj well defined, it has 
not been possible to show iiow this activity is related to the syndrome of 
ribofla\m deficiencj in higher animals In roan such a deficienc> is 
characterized bj infiammation of the tongue (glossitis) and lesions at 
the mucocutaneous juncture of the mouth (cheilosis) Also there are 
changes m the eje, including marked corneal vascularization, photo- 
phobia, and other ocular symptoms General body weakness and 
dermatitis may occur However, a simple ariboflav inosis is rarely seen 
in man, since diets deficient ra nboftavm usually arc deficient in other 
B Mtamms, especially nicotinic acid 
A considerable body of data from experiments with plant tissues and 
plant enzyme preparations has suggested that riboflavin and fia\ oprotems 
may play a significant role in the response of plants to light, particularly 
m the phototrophic curvature of various plant organs^* (cf p 972) It 
may well be that the riboflavin molecule serves as a photoreceptor m 
biological systems other than those of higher plants, the well-known 
ocular changes in higher animals deficient m this vitamin has led to 
k. suggestions that riboflavm is involved in vision ^ 

The tissues and urine of animals fed diets deficient m riboflavm show 
depressed levels of nboflavm and of its nucleotides, in addition, enzymic 
, activity ascribed to flav oprotems (eg, n-ammo acid oxidase, xanthine 

^ oxidase) appears to be diminished in the livers of avitaminotic rats^ 

Among the excretory products of nboflavm is the fluorescent substance 
uroflavm (aquafiavin), a degradation product of the vitamin that is 
^ found in most urine samples Another fluorescent alloxazine derivative, 
vi lumichrome (p 331), is also found in the urine (and milk) of ruminants 
This degradation product of nboflavm can be formed from the vitamin 
by some soil microorganisms fe g , Fseudomoms nbofiavtna) that cleav e 
riboflavm to lumichrome and ribitol*® Presumably the intestinal bac- 
teria of ruminants are responsible for the presence of lumichrome in 
urine and milk, since it has not been detected m the fluids of other higher 
animals Lumichrome does not have nboflav m activity for any organism 
on which it has been tested, in some instances, it acts as a growth 
inhibitor 

-^A W Galston S«ence, 111, GI9 (1950}« Baton Rev, 16, 361 (1950) 

=7M Heiman.Arcfe Ophthalmol, 28, m (1912) 

A E Axelrod and C A EUehjem,/ Btol Chem, 140, 725 (1911) 

2«T \anagitaand J W Pogter,/ Btol Chem. 221, m (1956) 
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As mentioned previously (cf p 330), solutions of riboflavin are strongly 
fluorescent, and this property may be used for the photometric estimation 
of the \itamin An important microbiological assa> procedure m\ohes 
the use of L casei, for which the vitamin is an essential growth factor 
Vitamin Bq (Pyndoxme, Pyndoxal, Pyndoxamine) The name \itamin 
Be was suggested’'^ to designate a factor that prc\ented a rat dermatitis 
(called acrodynia) and which was different from ribofia\in and from 
the pellagra-preientue factor (nicotinic acid) In 1938 a crystalline 
compound with Bq actuity was isolated independently by five different 
groups of in\ estigators The compound was subsequently shown to be 
2-methyl-3-hydro\y-4,5-di (hydroxymethyl) -pyridine (pyndoxme) In 
the course of the de\elopmcnt of a microbiological assay for pyndoxme 
using Streptococcus fecahs R as the Ust organism, Snell®- discovered 
that other forms of vitamin Bq exist in nature, these compounds are the 



^Tidoxine ftndoxaJ 


4-aminomethyl (pyndoxamine) and 4-formyl (pyndoxal) analogues of 
pyndoxme 

The three members of the Bg group o(cur in nature in combined form, 
pyndoxamine and pyndoxal arc found as the corresponding phosphates 
(cf p 761), but the structure of the combined form of pyndoxme, which 
IS the principal form of the vitamin in wheat and nee seeds, has not been 
determined Pyndoxme, pyndoxamine, and pyndoxal are interchange- 
able in their biological activity for mammals and birds, but their relative 
activity as growth factors for microorganisms differs greatly In general 
pyndoxine is least active for bacteria, but certain yeasts and molds use 
pyridoxme more readily than the other two factors Several strains of 
Lactobacilli respond only to pyndoxal phosphate or pyndoxamine phos- 
phate, apparently, these organisms are unable to phosphorylatc either 
pyndoxal or pyndoxamine The fact that the Be requirement of various 
bacteria is dependent on the amino acid content of the culture media 
may be expiamed by the role of pyndoxal phosphate m several enzymic 
reactions characteristic of amino acid metabolism This “functional 
form” of the vitamin is essential for transamination (cf p 760), de- 
carboxylation (cf p 768), and raccmization (cf p 769), as well as for 
steps m the metabolism of hydroxy ammo acids (cf p 775), of sul- 

P Gyorgy, Nature, 133, 403 (1934) 

®2E E Snell et al , J Biol Chem . 143, 519 (1942) 
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fur-contaming ammo acjds (cf pp 756, 794), and of tryptophan (cf 
p 843) 

The requirement of ruminants for vitamin Ba is satisfied completely 
by the sjnthetic activity of the rumen bacteria However, the pathway 
of biosynthesis m microorganisms and in higher plants has not been 
elucidated The bacteria that require an exogenous source of pyridoxme, 
pyridoxamine, or pyridoxal convert these substances to pyridoxal phos- 
phate, whose formation from pjndoxal and ATP is catalyzed by a 
“kinase” extracted from yeast (cf p 375) Similar pyndoxal kinases 
are present in mammalian tissues and in some bacteria 

The amount of pyndoxal phosphate in the tissues of vitamin 
deficient animals is below normal In addition, apyridoxosis is charac- 
tenzed by a decreased urinary excretion of microbiologically active forms 
of the vitamin and of a biologically inactive derivative, pyndoxic acid 
(2-methyl-3“hydroxy-5-hydroxymeth>lpyndiDe-4-carbox>lic acid) Pyr* 


tad 4«Deox]r;>Tii«iu>e 

idoxic acid represents the major end product of vitamin that is 
excreted m human urine Apparenth , this acid is formed in vivo by the 
direct oxidation of pyndoxal, since it has been found that the aldehyde 
oxidase of liver can convert pyndoxal to pyndoxic acid“ 

Another typical biochemical effect of Eg deficiencv in higher animals, 
including man, is an abnormal tryptophan metabolism, this is reflected 
by the urinary excretion of decreased amounts of nicotinic acid deriva- 
tives and of kynurenine, whereas the urinary excretion of xanthurenic 
acid IS higher than normal (cf p 836) 

As noted earlier, the development of a dermatitis, called acrodynia, 
IS characteristic of apyridoxosis in the rat However, a Bo deficiency in 
most laboratory animals (rat, dog, chick) is more commonly' associated 
with anemia and nervous lesions including epileptiform seizures In this 
connection, it is of interest that the conversion of g]ycme-2-C*^ to 
labeled heme (cf p 864) by blood from avitaminotic ducklings is 
markedly depressed, but is restored to normal by the addition of pyndoxal 
phosphate to the blood Although a dietary supply of pyridoxme is 
essential for normal metabolic function in man, no typical syndrome, 

33 R Schwartz and N 0 Kjeldgaard, Biochem 48, 333 (1951) 

M P Schulroan and D A Richert, / Am Chem Soc, 77, W02 (1955) 





VITAMINS AND GROWTH FACTORS 987 

As mentioned previously (cf p 330), solutions of ribofla\in are stronglj 
fluorescent, and this property maj be used for the pliotometnc estimation 
of the \itamin An important microbiological as^ay procedure in\ol\es 
the use of L casei, for which the \itarain is> an essential gro^\th factor 

Vitamin Bg (Pyridoxme, Pyridoxol, Pyridoxamine) The name Mtamin 
Be 'vas suggested^^ to designate a factor that pre\ented a rat dermatitis 
(called acrodyma) and winch was different from ribofla\in and from 
the pellagra-prc\enti\e factor (nicotinic acid) In 1938 a crystalline 
compound with Be actnitv was isolated independently by fi\e different 
groups of in\ estigators The compound was subsequently shown to be 
2'methyl-3-hj dro\y-4,5-di (hj dro\> methj 1) -pyridine (pj ridoxine) In 
the course of the dc\ elopmcnt of a microbiological assay for py ridoxine 
u&ing Streptococcus jecalis R as the test organism, SnelP^ disco\ered 
that other forms of \itamin Bg exist m nature, these compounds are the 



Pyridoxine ^ndoumine Fyndoxat 


4-aminomethyl (pyridoxamine) and 4-formyl (pyndoxal) analogues of 
pyridoxme 

The three members of tlie Be group occur in nature in combined form, 
pyridoxamine and pyndoxal arc found as the corresponding phosphates 
(cf p 761), but the structure of the combined form of pyridoxme, which 
is the principal form of the \itamin m wheat and rice seeds, has not been 
determined Pyndoxine, pyridoxamine, and pyndoxal are interchange- 
able in their biological actiMty for mammals and birds, but their relatne 
activity as growth factors for microorganisms differs greatly In general, 
pyridoxme is least acti\e for bacteria, but certain yeasts and molds use 
pyridoxme more readily tlian the other two factors Seaeral strains of 
Lactobacilli respond only to pyndoxal phosphate or pyridoxamine phos- 
phate, apparently, these organisms are unable to phosphorylate either 
pyndoxal or pyridoxamine The fact that the Be requirement of xarious 
bacteria is dependent on the ammo acid content of the culture media 
may be explained by the role of pyndoxal phosphate in sexeral enzymic 
reactions characteristic of amino acid metabolism This “functional 
form” of the \itamm is essential for transamination (cf p 760), de- 
carboxylation (cf p 768), and racemization (cf p 769), as well as for 
steps m the metabolism of hydroxy ammo acids (cf p 775), of sul- 

G>orgy, A^aiurc 133, 403 (1934) 
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that the compounds are specific curative agents for human pellagra and 
canine black tongue®* 

In nature, nicotinic acid occurs mainly as the amide which is generallj 
found m the form of DPN or TPN These pjndine nucleotides arc 
specific growth factors for strains of Hemophilus, several other bacterial 
species can use the nucleotides as well as free nicotinamide or free 
nicotinic acid The free amide and free acid are interchangeable in the 
nutrition of higher animals and of some microorganisms, but some 
bacteria arc more exacting in their growth requirements and respond 
to only one of the simple pyridine compounds 

The biosynthesis of nicotinic acid has already been discussed in the 
section dealing with tryptophan metabolism (p 840) Tryptophan 
apparently is converted to the pyndme carboxylic acid by the same 
senes of reactions in mammalian and avian tissues and in Neuros'pora 
crassa, but a different biosynthetic pathwaj appears to exist in organisms 
such as Eschenchia coh and Bacillus subtths, which do not form nicotinic 
acid from tryptophan 

Little IS known about the mechanism of the formation of nicotinamide 
from nicotinic acid, although this reaction must be effected readily by 
most organisms Washed human erythrocytes can synthesize nicotin- 
amide mononucleotide (NMN) m the presence of nicotinamide, inorganic 
phosphate, and glucose, this synthesis also is effected by an crythrocjte 
enzjme sjstcm (NMN pyrophosphorylase) in the presence of nicotin- 
amide and 5-phosphonbosyI-l-pyrophosphate (cf p 885) The NJIN 
so formed could react with ATP to gue DPN (t-f p 310) Howeier, 
in the presence of NH 4 +, erythrocytes readily convert nicotinic acid to 
DPN, but no N]\IN appears to be formed It is possible, therefore, that 
free nicotinamide is not an intermediate in the incorporation of nicotinic 
acid into DPN, and that the amidation reaction occurs after the formation 
of a deamidated form of the dinuclcotide 

A number of derivatives of nicotinic acid and of nicotinamide ha^e 
been identified as excretory products formed in higher animals The 
urines of most species contain, in addition to \arjing amounts of the 
free acid and amide, Ni-methylnicotmamide (p 805), Ni-methyl-6- 
pyridone-3-carboxamidc, and nicotinunc acid (nicotmoyIgl>cine)> 
chickens excrete dinicotinoylomithine and both the and S-mono- 
nicotinoyl dcrnatives of ornithine The synthesis of nicotinunc acid 
by rat tissue preparations, hke that of hippunc acid (cf p 719), re- 


39 P J Pouts a al , Proc Soc Exptl Biol Med , 37, 405 (1937) , ( 
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comparable to beriberi or pellagra, has been associated Tvith Bg 
deficiency 

Among the synthetic analogues of the vitamin Bg compounds, the 
substance w-methylp>rido\al (the CHg group in 2 position of pyridoxal 
is replaced by CH3CH2) is of interest, since it is highlj acti\e for 
Lactobacillus casei but is not used in place of pjndoxal by jeast The 
biological actiMty of w-methylp>ridoxal is a consequence of the ability 
of its 5-phosphate to replace pyridoxal phosphate as the cofactor for 
several bacterial enzymes^® On the other hand, 4-deoxjpyridoxine has 
antivitamin Bg actnity not only for bacteria but also for higher animals, 
this effect has been attributed to the formation tn vivo of the 5-phosphate, 
Tvhich IS a competitnc inhibitor of several pyridoxal phosphate-dependent 
enzymes Another type of antagonism is shown by the compound 2-ethyl- 
3-amino-4-ethoxymethyl-5-aminomcthylpyridme, which inhibits the 
grow th of yeast and is a corapetitiv e inhibitor of > east pyridoxal kinase 

It may be noted that the normal metabolism of vitamin Bg in higher 
animals is prevented by isonicotinic hydrazide (p 309), and the toxicity 
of this compound appears to bo related to its inhibitory action on enzyme 
systems for which pyridoxal phosphate is a cofactor Although an 
antagonism between isonicotinic hydrazide and pyridoxal has been 
observed in a strain of Mycobacterium, tuberculosis, it is not known 
whether this effect is directly responsible for the curative properties of 
the drug in tuberculosis 

Nicotinic Acid end Nicotinamide Nicotinic acid (niacm) has been 
known since 1867 as a product obtained by the vigorous oxidation of the 
alkaloid nicotine (p 860) It was not isolated directly from a natural 
source until 1912, when both Suzuki and Funk obtained it from yeast 
and rice polishings in the course of a search for the antibenben factor 
However, the biological importance of this acid and its amide (nicotin- 

a COOH 

Nicotinic acid 

amide or niacinamide) became apparent only after the discovery of the 
py ridine nucleotides (DPN and TPN) This finding w as rapidly follow ed 
by evidence showing that nicotinic acid and nicotinamide are growth 
factors for several microorganisms as well as for higher animals and 

R W Vilter et al Federatton Proc 13, 776 (1954) 

J Olivard and E E Snell, J Biol Chem 213 , 203, 215 (1955) 

37 J HuTOitz, y Biol C/iem , 217, 513 (1955) 
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administration of nicotinamide or of DPN, but not by mcotimc acid or 
tryptophan, only nicotinamide counteracts the formation tn vitro of the 
acetylpyndme analogue of DPN^® Isomcotmic hydrazidc, ivhich also 
displaces the nicotinamide portion of DPN, does not appear to act 
primarily as an antagonist of nicotinic acid, since its effect on higher 
animals (depletion of h\er DPN and TPN, decreased excretion of 
N^-methjlnicotmamide) can be prevented completely by vitamin Bo 
(cf p 989) 

It will be recalled that DPN and TPN function as cofactors in the 
several dehydrogenation reactions involved in anaerobic breakdown of 
carbohydrates (cf p 476) and of fatty acids (cf p 598), in the citric 
acid cycle (cf p 508), and m the deamination of glutamic acid (cf p 
754) Although it is known that a dietary deficiency of nicotinic acid, 
accompanied by a low’ intake of tryptophan, results in a profound dis- 
turbance of the normal metabolism of higher animals, it has not been 
possible as yet to relate any specific metabolic dysfunction directly to 
the symptoms of the deficiency disease Pellagra, the human di«ease 
caused by nicotinic acid-deficient diets, is characterized mainly by 
dermatitis, diarrhea, and dementia The last-named symptom may be 
a result of an impaired ability of the brain tissue to metabolize carbo- 
hydrate However, although nervous lesions may be seen in pellogra, 
these are probably caused by deficiencies of other factors such as 
thiamine, since human diets that lead to pellagra are deficient not only 
m nicotinic acid but also in other members of the B complex 

Pantothenic Acid^* Pantothenic acid [n-N-(a,y-djhydroxj-jS,j3- 
dimeth>lbutyryl)-yS-alanme] w'as fir«t isolated by R J Williams in 
1933 from concentrates of liver that possessed “bios" activity for yeast 
Subsequent studies led to the recognition that pantothenic acid is 
identical with the factor that prevents and cures a specific dermatitis 
of chicks, and that it is a Mtamm for rats and mice 

Essentially all of the pantothenic acid in most animal tissues and 
microorganisms is present as coenzyme A (p 206), but the \itamin also 
occurs in other combined forms One of these, discovered first as a 
growth factor for Lactobacillus bulgancus, is N-(pantothenyl)-/3*amino- 
ethanethiol or pantetheine, the corresponding disulfide is pantethine 
Experimental animals respond equally well to pantothenic acid, pante- 
theine, and coenzyme A, but microorganisms vary greatly in tbeir 
ability to use the conjugated forms of pantothenic acid as growdh 
factors For example, Saccharomyces carlsbergensis grow s on pan- 

<= N 0 Kaplan et al , Science, 120, 437 {J9M) 

G D No\ eUi, Phynol Reig , 33, 525 (1953) 

«G M Brown et al, ^ Bwl Ckem, 213, 855 (1955), W S Pierpomt et aU 
^Biochem J, 61, 190 (1955) 
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N*-M«thyl-6-pyndone 

3'Caiboxamide 


& CO— NH 

I 

CH, 

COOH 

Nicotinune acid 



Duucotinoyloroithme 


quires the presence of ATP The formation of dinicotmoylornithine 
in birds probably is similar to that of ornithuric acid (dibenzo>l- 
ormthine, cf p 719) The 6-pjridonc derivative appears to arise bj 
oxidation of N*-mcthylnicotinamide since an cnz>me system which 
catalyzes such an oxidation is present in rabbit liver Thus the con- 
version of nicotinic acid to the 6-pjridone involves the intermediate 
formation first of nicotinamide and then of N*-methvlnicotinamide 
In addition, nicotinic acid and its amide arc decarboxjlatcd, as shown 
by the recoverj of from animals given nicotinic acid or nicotin- 

amide containing in the carboxjl carbon^® 

Many structural analogues of nicotinic acid have been tested for their 
biological activitj in higher animals and in microorganisms Pjndine 
derivatives that have vitamin activity appear to be converted m vivo to 



S-Hydroxymethylpyndine S-Acetylpyndme 


nicotinic acid or its amide, these derivatives include 3-hydroxjmethyl- 
pjridme, 3-acetylpjridine, pyndj 1-3-aldehj do, and /S-picolme (3-mcth- 
>lpyridine) Although 3-acetylpyridine can serve as a precursor of 
the natural vitamin, it is also toxic to mice, probably because it displaces 
nicotinamide from DPN (cf p 309) This toxicity is overcome bj the 

M Jones and W H Elhott, Biochtm cl Biophys Acta, 14, 586 (1954) 

^^VV E Knox and W I Gros&man, J Biol Ckem , 166, 391 (1940) 

«C J tv alters etal J Biol CAcm , 217, 489 (1955) 

« E Leifer et al . J Bwl Ckem, 190, 595 (1951) 

B Burch et al J Biol Ckem, 212, 897 (1955), E G McDaniel et al , 
J Nutrition, 55, 023 (1955), R Van Keen and F E Stolzenbach, J Biol Ckem, 
226, 373 (1957) 
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IS incorporated into coenayrae A both in animals and in microorganisms 

(Fig 1) 

All the TcaetioTvs sho’Mv m Fig 1 ait catalyzed by enzymes extiacled 
from mammalian and a\ian liier'® Thus pantetheine is fonned from 
pantothenylcysteine or, in the presence of ATP, from pantothenic acid 


Pantothenic acid 


4'-Pho8phopanteth€me 

ATP-. 


ADP 


Pyrophosphate 

0 0 

II {l 

Adenine— Tibose- 5 -O—P — 0 — P — OR- 

I I 

OH OH 

Depho*pho««njyTne A 


- HR-NHCHCHzSH 
COOH 

N •'?«ntoth«syl •L'cysteise 


ATP 


l^c 


*-C02 
Pantetheine 


NHCH2CH2SH 


ATP 


T* 

ADP 


Coearyme A 


Fig 1 Proposed pathv.a\ for the biosvnlheais of coenrjmc A The group R 
denotes -OCH2C(CH3l2CHOHCONHCH2CH2CO- 


and cysteine Pantetheine is phospboiylated by ATP in the presence 
of “pantetheine kinase" to yield 4'*phosphopantetheme, which reacts 
nith ATP in a reaction catalyzed by “dephosphoCoA pyrophosphorylase" 
to gi\e dtphosphocoenzyme A The phosphorylation of the S'-hydroxjI 
of rzbo‘-e in dephosphoCoA is effected by ATP m the presence of “dephos- 
phoCoA kinase " Protews morganu and Lactobacillus arabinosu'i also 
form coenzyme A from pantothenic acid, cysteine, and ATP Cell-free 
extracts of these organisms catalyze the ATP-dependent phosphorylation 
not only of pantetheine but also of pantothenic acid 

Coenzyme A and phospbopantetheine are hydrolyzed by Ee^ eral phos- 
phatases The prostatic acid phosphatase (p 582) and the barlej 
3^ -nucleotidase (p 880) conicrt coenzyme A to dephosphoCoA Various 
pyrophosphatases (potato, snake venom, yeast, h\cr) hydrolyze co- 
enzyme A to 3',5'-diphosphoadenosine and d'-phosphopantetheme, which 
IS dephosphorj latcd hy the prostatic phosphatase and the intestinal 
alkaline phosphata'-e The use of these enzymes gave valuable informa- 
tion in the determination of the structure of coenzjme A 

ML LeMDtow and G D No\ellj, / Biol Cktm, 207, 761 (lOM), M B Hoag- 
land and G D Novellj, ibid„ 207, 767 (1054) 

61 G B Ward el al , ^ Btol Chem, 213. 869 (1955), W S Pierpomt ct al, 
Biocftetn J , 61, 36S (1955) 
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0 = P--0CH2C— CHCO— NHCH2CH2CO — NHCH2CH2SH 

HO I CH3 

Pantoie aod reaidue 


Pantatbemc acid reaidiM 


I 

PantelliMAe rtudue 


4 -PhoapIi^MfttcIheuie 

tothenic acid but not on anj of its conjugates, Lactobacillus helveticus 
uses pantothenic acid, pantetheine, and (to a lesser extent) 4'-phospho- 
pantcthcine, Acetobacter suboxydans grox\s on these three compounds, 
and in addition on N-pantothenylcystcine (p 994) or coenzyme A The 
failure of some of the conjugates to promote the growth of certain micro- 
organisms IS a consequence of the inability of the compounds to penetrate 
the cell membrane, since they all appear to be intermediates in the 
biosynthesis of coenzyme A 

In addition to the pantothenic acid-rcquinng microorganisms, one 
group of organisms requires only a source of /3-alanine, T\hich they 
cannot make from aspartic acid (cf p 767) or from other precursors 
(of p 781), another group of oi^anisms requires only pantoic acid 
Pantoic acid is formed from a-kctoisovaleric acid (p 780) m bacteria^® 
(eg, Escherichia coli, Bacterium linens), probably by the addition of a 
Cl unit to give “a-ketopantoic acid" ^\hlch is reduced to pantoic acid 
The formation of pantothenic acid from pantoic acid and jS-alanine is 
CH3 

a-Ketoisovalcnc acid HOCH2 — C — CO— COOH Pantoic acid 

f 

CH3 

catalyzed by ATP-dependent enzyme systems (cf p 720) that have 
been extracted from E coh and from Brucella abortus The synthesis 
of pantothenic acid does not occur m mammalian tissues, but the vitamin 

Pantoic acid + /?-alaninc + ATP 

Pantothenic acid +AMP + pyrophosphate 

W K Maas and H J Vogc! / Bact 6S, 388 (1953) , M Purko et al , / Bwl 
Ckem, 207, 51 (195-1) E N McIntosh et nl , tbid , 228 , 499 (1957) 

Iy Maas, J Biol C/icm , 198, 23 (1952) , H S Gmoza and R A Alternbern, 
Arch Bwchem and Biophys , 56, 537 (1955) 
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form an avidin^biotm complex This complex i$ not readily dissociable 
except by heat treatment or acid hydrolysis, nor is it split bj the enzjmes 
of the gastrointestinal tract of higher animals Hence the feeding of 
avidin can result in a biotin deficiency caused by the formation of the 
nondigestible complex ■within the intestinal tract However, the complex 
can be cleaved in vivo, since the parenteral administration of a “sjn- 
thetic” sample of the avidm*biotm compound will cure egg white injury 
Biotm deficiency is not normally encountered in man or even in 
laboratory animals kept on apparently biotin-frec diets This is a 
reflection of the ability of intestinal bacteria to ^nthesize sufficient 
biotm to meet the requirements of the host organism Consequently , bio« 
tin deficiency is usually induced by the administration of aMdm (or raw 
egg "White), or by the elimination of intestinal bacteria which can 
synthesize the vitamin The production of such a deficiency m man is 
followed by a characteristic dermatitis and mental symptoms, in animals 
the deficiency generally causes dermatitis and nervous disorders These 
symptoms arc cured not only by biotin but also by oxybiotin, the 
furane analogue of the naturally occurring thiophanc compound Oxy- 
biotin, however, has less activity than the true vitaram 
The administration of biotm labeled with m the carboxyl group 
to rats or mice gives ri«e to Since is not produced from 

biotin-2'-C^^, it appears that in animal tissues the catabolism of biotm 
involves oxidative degradation of the valtric acid residue but not of the 
imidazole nucleus” Naturally occurring oxidation products of biotm 
are a levorotatory biotm sulfoxide, produced by Aspergillus mger, and a 
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HC CH 
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— CH 

HaC^^^CHtCHaJ^COOH 
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CHj 

1 

CH2(CH2\C00H 


SiotiQ tttlfo»4e D«»tl»ob)Ol>n 

dextrorotatory biotm sulfoxide, isolated from cows' railk,“® the two 
sulfoxides differ m configuration about the asymmetric sulfur atom 
Neither of the sulfoxides has vitamin activity for the rat, but both show 
some growth factor activity for yeast and several other microorganisms 
Oxybiotin, biocytin, and “soluble bound biotm" promote the growth 

»TR M Baxter and J H Qaastcl, / Biol Ckem, 201, 751 (1953) 

68 L D Wnghtetal. J Am Ckem &oc, 76, 4163 (1954), D B Melville etal, 
J Btol Chem^ 208, 495, 503 (1954) 
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In view of the importance of coenzyme A m the metabolism of carbo- 
hydrates, fats, and nitrogen compounds, the actuitj of pantothenic acid 
as a vitamin is readilj understandable Although no well-defined 
s>ndrome of a specific pantothenic acid deficiencv has been described 
for man, an experimentallj induced lack of the Mtamin appears to 
cause adrenal cortical insufficiency Specific pantothenic acid deficiencies 
are readily produced in experimental animals by the use of appropriate 
diets Depigmentation of the hair (rats) or of the feathers (chicks) 
and dermatitis are common symptoms of the deficiency, and in the rat 
there is marked adrenal damage, accompanied by the symptoms of 
adrenal cortical insufficiencv''- (cf p 946) 

Biotin®^ This Mtamin was isolated from egg yolk by Kogl in 1935 
in the course of the examination of the components of the "bios" factor 
required by yeast Fi\e years later P Gy orgy and his collaborators 
showed that biotin was identical with the unidentified factor designated 
“vitamin H,” which was know-n to protect rats (and other animals) 
against the toxicity of raw egg white 


0 

HNs * iNH 
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ho;— ‘CH 

HjC!^^^CH(CH2),COOH 
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^CH(CH2)4C00H 
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Biotm is found in animal and plant tissues and occurs mainly in 
combined forms One of these biotm complexes is biocytm («-N- 
biotinyl-L-lysine),®^ isolated from yeast Another complex, whose struc- 
ture has not been elucidated, is the so-called “soluble bound biotm” 
extracted from peptic digests of s%\ine liver Both of these complexes 
are degraded to biotm by an enzyme (“biotinidase”) behe\ed to be a 
peptidase®" At least two distinct liver protein fractions containing 
biotm have been described, these biotm-containmg proteins have been 
termed “biotoproteins ’ 

Free biotm is the simplest of the naturally occurring compounds that 
counteract the nutritional deficiency induced in animals (including man) 
by the feeding of raw egg white The toxic material m egg is a protein 
(avidm) with which biotm combines, in stoichiometric proportions, to 

®2E P RalU and M E Duram, It/amin« and Hormones, 11, 133 (1953) 

K Hofmann Adiancei tn Fnzymol, 3, 289 (1943), D B Mehille ritamins 
omf Hormones, 2, 29 (1944) 

R L Peck et al , y Am Chem Soc, 74, 1999 (1952) 

R tv Thoma and VV H Peterson / Btol Chem , 210, 5G9 (1954) 

®8 K Hofmann ct al , J Btol Chem , 183, 481 (1950) 
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tion Experiments on the effect of biotm on the breaVdown of glucose 
by Saccharomyces cerevistae also suggest that the vitamin may function 
m the biosynthesis of enzymes, in addition, it may son'c as a cofactor 
in reactions in\olved in the oxidation of carbohydrates to COo^” 

In a medium containing aspartic acid, the rcquinmont of \arious 
Lactobacillt for biotin is markedly reduced by some Gig fatty acids such 
as oleic acid, as ■well as by lactobacilhc acid and dihydrostcrcuhc acid®^ 
(p 560) It IS doubtful, ho-wever, whether biotin is directly invohcd 
in the microbial biosynthesis of such long-chain fatty acids 
Fohe Acid Group In general, the term “folic acid vitamin” is used 
to denote pteroyl-n-glutamic acid (PGA) and those of its denvati\es 
that have vitamin activity for higher animals (e g , rat, chick) and 
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microorganisms (iactobaaffws caset, SlTeptococcus fecali^) Among the 
active PGA den\atnes is “citrovorum factor” (CF, N®-forra>l-5 6,7,8- 
tetrahjdroPGA, p 776), a growth factor for Leuconostoc citroiorum 
(newer name, Pediococcus cerevx^iae) which does not respond to PGA 
under the conditions of as«‘ay for activity The general term “fohnic 
acid” has been applied to compounds that resemble CF m its actnity 
for microorganisms 


<51 M L Blanch-ird et al, J Btol Ckem, 187, 875 (1950) 

<52 H C Lichstein and R B Boyd, Atch Btochem and Diophyt , 5S, 307 (1955), 
H C Lichstein, ibtd, 71, 276 (1957) 

<53 H P Broquist and E E Snell, 4rcfc Biochem and Biophyt, 46, 432 (19'>3). 
K Hofmann et al, / Ctol Chem, 210, 6S7 (1954), 228, 349 (1957) 

<HA D Welch and C A Nichol,^Bn Rev HiocAem, 21. 633 (1952), C A Nichol 
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of various microbial species Studies on the utilization of oxybiotm by 
microorganisms and by the chick ha\e led to the hypothesis that oxybiotm 
itself has biological activity and is not conxertcd to biotin in vivo The 
immediate precursor of biotin appears to be the compound desthiobiotin, 
^\hich can be used in place of biotin by a number of microorganisms 
This imidazole derivatne is belie\ed to derive part of its molecule from 
pimelic acid [HOOCfCHalsCOOH], nhich is interchangeable vith 
biotin for some microorganisms and stimulates biotin synthesis in others 
The isolation of biotin vas followed by the demonstration that this 
compound was identical with coenzyme R, which had been described 
m 1933 as having a pronounced stimulatory effect on the respiration of 
nongrowing Rhxzohium Thus a “coenzyme” function was immediately 
ascribed to biotin when its acti\ity as a \itamin was discovered How- 
e\er, neither the nature of the “functional derivatue" of biotin nor its 
exact biochemical action has y(t been established 
Biotin IS belie\ed to be in\olved directly or indirectly in at least three 
phases of microbial metabolism (1) the metabolism of aspartic acid 
and possibly of other nitrogen-containing compounds, (2) decarboxyla- 
tion reactions (substrates, oxaloacetic, oxalosuccimc, and succinic acids), 
and (3) oleic acid synthesis The metabolic interrelation between the 
Mtamin and aspartic acid was inferred from the sparing action of the 
ammo acid on the biotin requirement of yeast and of a variety of 
bacteria Biotin is essential for aspartic acid synthesis in many lactic 
acid bacteria, this does not appear to be the situation, however, m 
Clostridium butyncum Early observations that both biotin and am- 
monium salts are required to restore to normal the respiration of biotin- 
deficient yeast led to the suggestion that biotin is involved in the synthesis 
of nitrogenous compounds in microorganisms 
A relationship between biotin and the reversible decarboxylation of 
oxaloacetic acid to pyruvic acid was observed in studies of the require- 
ments of various bacteria for growth or for the reversal of growth 
inhibition due to inhibitory analogues of biotin Furthermore, experi- 
ments with Ci ‘‘02 have shown clearly that an adequate supply of biotin 
is essential for CO 2 fixation by both microorganisms and higher animals 
A study of the activity of tlie malic enzyme {p 512) in both biotin- 
deficient and normal cells of Lactobacillus arabinosus indicated that 
biotin IS not a cofactor for this type of C 02 fixation but may be involved 
in the synthesis of the specific enzymes that mediate the fixation reac- 

E Axelrod et al , J Btol Ckem, 169, 195 (1947), R H McCoy et al, 
ihid, 176, 1319 1327 (1948) 

C Lichstem Vitamins and Hormones, 9, 27 (1951), H P Broquist and 
E E Snell, J Biol Chem, 18B, 431 (1951), J M Ravel and W Shive, Arch 
Biochem and Btophys , 54, 341 (19d5) 
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tetrahydroPGA is readily interconvertible with lO-methenyltetra- 
hydroPGA (anhydroleucovorin) which also has been identified in 
biological systems It should be noted that most of naturally occurring 
substances that exhibit fohc acid activity contain the tetrahydroPGA 
nucleus (i e , are folinic acid derivatives) , the extreme ease with which 
folinic acids are oxidized upon exposure to air accounts for the fact that 
their existence was overlooked for many years 

In addition to the compounds discussed above, there are probably 
other naturally occurring forms of the folic acid vitamins Among these 
are the PGA derivatives of undetermined structure that participate in 
various aspects of the metabolism of Ci compounds (cf p 776) Further- 
more, it appears likely that GF (like PGA) occurs in combination with 
polypeptides, since there is a marked resemblance between the animal 
enzyme system that liberates material with folmic acid activity from 
tissue preparations and an enzyme from animal tissues (“folic acid 
conjugase”) that liberates PGA from its conjugates with glutamic acid 
peptides 

There is little information about the synthetic pathways by which 
folic acid IS formed m nature Since green leaves are especially rich in 
this vitamin, it must be synthesized leadily by the tissues of higher 
plants Studies with “germ-free" rats (bred and maintained so that they 
are completely devoid of microorganisms) suggest that folic acid also 
may be made in the tissues of higher animals The obvious chemical 
relation between PGA and the simpler natural pteridmes directed atten- 
tion to the latter compounds as possible precursors of PGA Thus it 
W'as found that bioptenn (p 207) spares the PGA requirement of the 
protozoan Cnf/udia /asciculaia,®* and that xanthopterin (p 207) has some 
folic acid activity for rats and monkeys, and under some conditions can 
serve as an exogenous source of the pteroic acid portion of PGA for 
L casei Although there is no direct evidence that either of these 
pteridmes is a precursor of PGA, it is of interest that, in butterflies, 
xanthopterin and the closely related leucopterin are formed from the 
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® M Silverman et al , J Bwl Chem , 223, 259 (1956) 

C H Hill and M L Scott, J Biol Chem , 196, 189 (1952) 
“T D Luckey et al, J Nulntion, 55, 105, 57, 169 (1955) 
“EL Patterson et al , 1 Am Chem Soc . 77, 3167 (1955) 
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In Table 2 are listed compounds of kno^n structure that have been 
isolated from natural sources and shown to exhibit folic acid actuity 
P'Aminobenzoic acid (PABA) a constituent of all these compounds, 
probably should also be included in this group As noted previouslj 


Table 2 Members of the Fohc Acid Group 


Vitamin 

Pteroyl-i/-glutamic acid (PGA) 
PterojIdi- 7 -glutamjlglutamic acid 
Pterojlhexa-Y-glutamj Iglutanuc acid 
N'AFormjlpteroic acid 
N^AFormjlPGA 
N' AFormj Itetrah j dioPG Af 
Citrovonim factor (CF) 


Other Names 

Fohc acid, folacin, yitamm Be 
“Fermentation L casei factor” 
Vitamin Be conjugate 
Rhi?optenn, S lactis R factor 

N*-Form>ltetrahjdroPGA, leucovonn, 
folmic acid-SF 


t In solution, under anaerobic conditions, this substance is m equihbnum with 
anhj droleuco\ orm (cf p 775), whose formation is favored at acid pH values 


(p 977), a biochemical function was initially attributed to PABA after 
the disco\cry that it ro\ersed the bacteriostatic action of sulfanilamide 
Subsequently PABA was found to be a growth factor for certain organ- 
isms, and it now seems likely that its biological activity depends on its 
incorporation into the pteroic acid portion of the fohc acid vitamins 
PABA is also found to occur as the N-acetyl derivative m the blood and 
urine of animals A poly glutamic acid peptide containing, per mole, 
1 PABA residue and 10 to 11 L-glutamic acid residues has been isolated 
from yeast ,•'5 this polypeptide is of special interest in view of the fact 
that PGA and CF also occur in conjugation with glutamic acid poly- 
peptides 

PGA was isolated as a result of the search for the so-called vitamin 
Be which had been found to cure a nutritional anemia m chicks and to 
serve as a specific growth factor for Lactobacillus casei The pteroyltri- 
glutamate and heptaglutamate both occur in nature and are as active 
as fohc acid m the nutrition of higher animals, however, various micro- 
organisms differ in their growth response to these three compounds 
Rhizoptenn seems to be active only for a few microorganisms {e g , 
Streptococcus fecalis R) which can also use pteroic acid CF, as isolated 
from natural sources, is one of the diastercoisomt rs of N®-formyltetra- 
hy droPGA, w hich has asy mmetrie centers at carbon 6 and at the a-carbon 
of L-glutamic acid, folinic acid-SF (or leucovonn) is a synthetic com- 
pound that is a mixture of two diastereoisomers and has only one half 
the biological activ ity of CF As noted earlier (cf p 775), NMormyl- 

^ S Ratner et al , J Biol Chem, 164, 691 (1946) 
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the molecule of a cjanide ion m coordinate linkage nith a cobalt atom 
Cjanocobalamin is a growth factor for se\eral microorganisms, including 
Lactobaallus leishmanmif Escherichia coli (strain 113-3), and the pro- 
tozoan Ochromonas malhamensis, these three organisms haNc been used 
in the microbiological assay of the \itamin” 

The structure of cyanocobalaram has been elucidated through chemical 
degradation and bj crystallographic studies'^ As will be seen from the 
accompanjung formula, cyanocobalamm contains a highl> substituted 



and partially hjdrogenated tetrapj*rrole (cf p 165) linked to the nucle- 
otide 5,6-dimcthyl-l-(a-D-nbofuranosjl)-benzimidazole-S'-phosphate 

It will be noted that the 6 coordinate valences of the cobalt atom (Co-'^) 
are satisfied b> the 4 nitrogens of the reduced tetrapyrrole, a nitrogen 
atom of 5,6-dimethylbenzimidazolc, and a cj anide ion Of special inter- 
est IS the presence of an a-gljcosidic linkage m the benzimidazole nucleo- 
side, m contrast to the ^-gljcosidic linkage in the nucleosides dern-ed 
from PNA and DXA (cf p 188) 

A \anet} of compounds with Mtamin Bjs activitj ha%e been isolated 
from natural sources Some of these compounds differ from ejano- 


73 j E Ford and S H Hutner, and Hormones, 13, 101 (1955) 

A FoJJ»pra and D K WoU XHfannns and Hormonee, 12, 1 (1951)# D C 
Hodgkm et aJ.iVoIure, 176,325 (1955). 178, 64 (1956), Proc Pov 5 oc, 242A,22S 
(1957). R Boanett et aU J Chem See, 1957, 115S, 1165 
75 j B Armiiage ct al , / Chem Soc , 1933, 3549 
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same simple precursors used for the biosynthesis of purines (cf p 887) 
and of nbofla^ m (cf p 985) 

Animal tissue^ and microorganisms readily con\ert PGA to dernatnes 
that are cofactors in enz\mic reactions, these “functional” dcruati\es are 
degraded to CF by noncnzjmic reactions In Incr, CF and PGA are 
catabolized to compounds that do not exhibit folinic acid or folic acid 
actiMtj one of the products formed is p-ammobenzojlglutamic acid 

Dietary’ deficiencies of folic acid are rather difficult to produce in 
experimental animals, since the intestinal bacteria apparently can pro\ide 
the small amounts needed by the animal hosts, the feeding of succinyl- 
sulfathiazole (to inhibit the gronth of intestinal bacteria) or of \arious 

H,N— ^CH HaN-C^ ^CH CH3 

I II I I II I I 

^C-CHjNHR ^C— CHsNR 

C N j 

NH2 NH2 

Amjaoptenn {l-ammoPGA) A-»ethoplpna (^•»ImBO-10-n)*thylPCA) 

(ft a beiuoylglirtaiDie aod w 10 PCA) 

inhibitory analogues of folic acid (e g , Aminoptenn or A-raethopterin) 
uill cau'se folic acid deficiencies The 4-aniino analogues of PGA inhibit 
the metabolic con^e^slon of PGA to its “functional” dernatnes, and 
consequently interfere ^ith the bios\nthesis of man\ tissue constituents 
(cf p 902) This antimetabolite effect of Ainmopterm is belie\ed to be 
responsible for its therapeutic \aluc m the treatment of some acute 
leukemias 

In experimentally induced folic acid deficiencies, the deaelopment of 
anemia is the most obvious pathological defect Mixtures of PGA (or 
CF) and vitamin B 12 have indeed been used for the treatment of various 
macrocy’tic anemias in man Although it is evident that derivatives of 
PGA play an important role in the formation of normal erythrocytes, the 
biochemical role of the folic acid vitamins in the prevention of anemia 
has not been elucidated as yet 

The Vitamin Bjo Group The isolation from liver of red crystalline 
compounds which had the therapeutic activity of liver concentrates m 
the treatment of pernicious anemia was announced in 1918 by investi- 
gators in the United States and m England The substance, previously 
known as the antipernicious anemia factor, is now called vitamin Bjj 
or cyanocobalamm, the latter designation is based on the presence in 

^ejgand and W aldichmidt Angew Chem , 67, 328 (193o) 

M Sib erraan et al , J Biol Chem 211 , 53 (1954) , S Futterman and M Siher- 
man (bid, 224, 31 (1957) 

‘•R T Wilbams, Biochem Soe Symposia, Jvo 13 (1935) 
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Table 3) that contain substituted benaimidazoles, purines, or other bases 
are formed by microorganisms In this connection, it is of interest that 
either o-phenylenedianime or benzimidazole induce the formation of a 
Bi 2 analogue that contains benzimidazole The benzimidazole com- 
pound, as ■nell as some of the other “unnatural" analogues of c>ano- 
cobalamm, exhibit high biological activitj m man and in chicks’* j! 



Although neither o-phenylcnediamine nor benzimidazole appears to be 
a natural precursor of cyanocobalamin, this ^ itamin is produced bj micro- 
organisms in the presence of 5,6-djmethylbenzimidazole, and also T?hcn 
either 4,5-d!mcthyM,2-diaminobenzenc or nboflaMn (p 984) is added 
to the culture medium In the biosynthesis of the tetrapyrrolc unit of 
Mtarain B 12 , 5-ammolc%ulmic acid is a precursor, as m the formation of 
porphyrins (p 866) 

Cyanocobalamin is essential for the normal growth of animals {eg, 
rats, pigs, chicks) as vicll as for human beings Tlie parenteral admims- 
tration of small doses (0 5 to I mg per day) of this ^ itamm controls the 
hematologic, neurologic, and glossal symptoms of pernicious anemia” 
The specific effects of \itamin B 12 are not duplicated bj any folic acid 
Mtamin such as PGA, nhich is used prcferentiallj m the treatment of 
megaloblastic anemia m human infants and can allc\iate the symptoms 
of nutritional megaloblastic anemias m experimental ammals 

If gi\cn bj mouth, \ itamm Bjs may ha^e little if an> effect on 
pernicious anemia unless the Mtaram is fed together with normal gastnc 
juice, which contains the “intrinsic factor” postulated bj Castle to be 
essential for the prc^ ention and cure of this anemia The intnnsic factor 
makes orallj administered Mtamm Bj 2 available to the anemic patient 
by facilitating the intestinal absorption of the vitamin It is not certain 
whether this effect of the intrinsic factor is a direct consequence of its 
ability to combine w ith c> anocobalaroin The biological activ ity of prep- 
arations of the intrinsic factor has been tested b> the oral administration 
of such preparations together with cyanocobalamin labeled with radio- 
active cobalt (CoCo or the amount of radioactive cobalt found 

in the feces, blood, or unne serves as a measure of the amount of ejano- 

K H Fantes and C H O’Callagban, Bioekem J, 59. 79 (19j> 5), M E Coates 
et al , t&td, 64, 6S2 tl956) 

’eC G Unglej, Vttamtns and Hontumet, 13, 137 (1955) 
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cobalamin in the anion bound to the cobalt atom of the "cobalamin” 
unit For example, Bio* (identical Tvith the compound first designated 
Bi 2 b) IS hydroxocobalamin and may be prepared from cyanocobalamin 
by reduction with hjdrogen (in the presence of a platinum cataijst) or 
with sulfite Such cobalamins, like B 12 itself, have been isolated from 
Strcptomyces gnseus fermentation liquors and can readily be con\erted 
by treatment with cyanide to the cyano compound 
Other Bjo-hke compounds differ from cyanocobalamin in respect to the 
basic constituents of the nucleotide portion (cf Table 3), and arc found 
in material that has been subjected to bacterial fermentation (e g , rumen 
contents, feces, sewage, silagc) Of the compounds listed in Table 3, 


Table 3 Some Vitamin Bi 2 *l<ke Compounds of Natural Origin 


Name 

Nucleotide Base 

Microbiological Activity 

Cjanocobalamm (Br) 

E coll 
113-3 

S.C-Dimothjlbenzimidazole -f 

L leish’ 
manmt 

+ 

Ochromonas 

malhamenns 

+ 

Vitamin Bmii 
(Factor III) 

5-Hj droxybenzimid-vzole 

+ 

+ 

+ 

Pseudo-vitamin Bu 

Adenine 

+ 

+ 

— 

Factor A (Bum) 

2-Methj ladenine 

+ 

+ 

— 

Factor B 


4- 

— 

— 

Factor C 


+ 

+ 


Factor G 

Hypoxanthine 

+ 

+ 

— 

Factor H 

2-^fc thj Ihj poxanthme 

+ 

+ 



only cjanocobalamm and 'vitamin B| 2 iii, which (.ontains S-hydroxy- 
benzimidazole in place of 5,6-dimcthjlbcnzimid'izole,^‘' are known to ex- 
hibit Mtamin B 12 activity for higher animals (including man) Another 
related substance of bacterial origin is “Factor B,” which represents the 
portion of the cyanobalamin molecule obtained upon removal of the 
nucleotide, and which has microbiological activitj only for E colt 
strain 113-3 (a mutant that requires a source of Factor B) When this 
organism is grown in the presence of Factor B, it produces another (as 
yet uncharacterized) substance termed “Factor C,” which has also been 
isolated from other natural sources In the presence of both Factor B 
and 5,6-dimethjIbenzimidazole (or the nucleotide from cyanocobalamin), 
E coll 113-3 produces cyanocobalamin rather than Factor C Such 
“directed synthesis” of Bji-hkc factors in the presence of added nitrog- 
enous bases has been observed with several microbial strains, and a 
large variety of B 12 analogues (including tlie compounds listed in 

’'‘C II Shunk etfll J Am Ckcm Soc, 78,3228 (1956) 

E Ford et al , Biochem J , 59, 86 (1055) H DelKveg et al , Btochem Z, 
327, 122 328, 81, 88, 96 (1956) 
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the effect of APF js in pari due to the presence of this vilamin The 
stimulation of gro\\th h> preparations from S aureofaciens appears 
to be due both to the viiamm B 12 ami to antibiotics present in this 
source of APF Such growth-promoting actmtj has been reported for 
aurcom>cin, streptomjem, terramycin, and pemcillm, hov\e\er, the effect 
of each antibiotic apparently depends on the basal diet used in the test 
Presumabl> , the antibiotics alter the character of the intestinal flora of 
the animal host^ but it has not been deterniincd how this results in the 
better utilization, for animal growth, of proteins of vegetable origin 
Ijpoie Acid One of the microbial growth factors found in jeast and 
in h\er is the substance named hpoie acid or thioctic acid (d-Stdithio- 
lane-3)-pentanoic acid, p 306],®® which is soluble in organic sohents 
Lipoic acid IS reduced bj DPNH in the presence of ''dihydroiipoic 
dehydrogenase” (found in animal tissues and m nucroorgamsms) to 
l-dihjdrohpoic acid, which can react with acet>l-CoA to form d-O-S- 
aeetyldihjdrohpoic acid (p 481), the latter reaction is catalyzed bj 
“dihydrohpoie transacety lasc,” present m Eschenchm coh^^ 

Much of the hpoic acid in natural matenals is tightly bound to protein, 
and the clca\agc of such lipoic acid-protcm complexes is effected by 
enzyme preparations (“lipoic acid-splitimg enzyme”) obtained from 
pigeon liver extracts and from the protozoan Tetrahymena pyri/ormis** 
Although It IS uncertain whether hpoic acid is required in the diet 
of higher animals, its role as a growth factor for microorganisms is well 
established Lipoic acid is identical with “protogen” (obtained from 
various natural materials), which is essential for tlie growth of Tefra* 
kymena, and with the Lactobacillus casei acetate factor, which replaces 
acetate in the promotion of the growth of L casei and of other lacto- 
bacilh Lipoic acid aUo serves ns the “pyruvate oxidation factor,” so 
named because of its essential role in the oxidativ e decarboxylation of 
py ruvate by Streptococcus fecalis It should be added that some bacteria 
(LacfobaciUus delbnickn, Proteus vulgaris) do not require hpoic acid for 
the oxidative decarboxylation of a-keto acids (cf p 483) 

Carnitine iVitomm Bxl This water-soluble vitamin, discovered by 
Fraenkel m a study of the nutritional requirements of the mealworm 
Tenebno mohior, is identical with i-carnitine,’**^ the betaine of jS-hydroxy- 
y-aminobuty nc acid In the absence of a dietary source of carnitine, 
larvae of Tenebncj and of several other insects die before metamorphosis 
It 15 probable that vertebrates can synthesize carnitine, which has long 
been know n to bo a constituent of muscle 

8«L J Rccd ct al, / Am Chem Soe, 75, 1267 (1953), E VVallOQ ct 
76, 4748 (1054) 

C Goosalus et al / Am Chem &>c, 78, 1763 (1950) 
mgr Seaman and N D Naschke,,f Biol Chem, 215, 705 (1955) 

E Carter ctal,^rc?i BiocAem ofid , 35, 241 (1952) 
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cobalamin absorbed Several highlj actne preparations of the intrinsic 
factor ha\e been obtained from sTvinc stomach,®® the actiMty appears to 
be associated with a mucoprotein of small particle \\ eight In respect to 
the binding of cjanocobalamin by the intrinsic factor, it should be added 
that many proteins can bind the \itamm, and thus inhibit its absorption 
from the intestinal tract Such cyanocobalamm-protein complexes have 
been identified in sows’ milk and in gastric mucosa 
The biochemical actuitj of the \itamins of the B12 group has been 
associated with the biosjnthesis of methyl groups from Cj -precursors 
(cf p 807 ) and with the biosynthesis of thjmidme (thjmine deoxj ribo- 
side) and of other deoxj ribosides In this respect the functions of the 
cobalamin derivatives are closely associated wuth those of the folic acid 
Mtamins Although \itamin B12 appears to be essential for the biosyn- 
thesis of the DNA deoxjnbose in Lactobacillus leishmanmi,^- the mech- 
anism of this effect has not been elucidated 
The disturbances in the metabolism of carbohydrates, fats, and proteins 
observed in Bi2-deficient animals may be indirect results of the effects 
mentioned above or of other postulated functions of the vitamin For 
example, avitaminosis B12 causes a marked depletion of liver cytochrome 
oxidase,®® and thus could lead to an inhibition of many metabolic 
processes that depend on the participation of oxidative enzjmes It has 
also been suggested that vitamin B12 is involved in the metabolic reduc- 
tion of dithio compounds such as homocystine or the disulfide forms of 
glutathione and of coenzyme A ^ The biochemical basis of the hemato- 
poietic effect of cjanocobalamin is unknown, and its role m promoting 
the normal formation of red cells may be onlj one aspect of a more 
general mode of action 

The action of vitamin B^o has also been shown to be responsible, at 
least m part, for the nutritional effect, in chicks and pigs, of the material 
designated as the “animal protein factor” (APF) ®® The existence of 
APF was initiallj postulated to account for the apparent nutritional 
deficiencj of diets composed chiefiy of vegetable proteins (corn, peanut, 
sojbean) as compared to the adequacy of diets containing animal pro- 
tein Growth stimulation could be produced bj the addition, to the 
vegetable diet, of fractions isolated from animal sources or from cultures 
of Streptomyces aureofactens Since vitamin B12 appears to be more 
abundant in animal than in vegetable products, it is not surprising that 

A L Latner et al, Biochem J , 63, 501 (1956) 

®* M E Gregorj and E S Holdsworth Biochem J , 59, 329 335 (1955) 

®- M Downing and B S Sch^vcigert J Biol Chem , 220, 521 (1956) 

®®B L ODell et al, J Biol Chem. 217, 625 (1955) 

®^U D Register, y Biol CAem , 206, 705 (1954) 

®5 W H Ott et al J Biol Chem , 174, 1017 (1918) 
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IS of interest that concentrates of \itarain B 13 contain the 5-Iactone of 
me\alonic acid (p 629), an intermediate m the biosynthesis of sterols 
from acetate, this compound series as an acetate-replacing factor for 
I^acfobacnTlws aadophihcs Another dietary' factor (the h\er residue 
factor or LRF) found to be essential for the maintenance of the xanthine 
oxidase le\el in rats has been shown to be moljbdenum (cf p 339) 

Other Growth Factors for Mtcroorgonisms As noted previouslj, 
strains of HemophUus parainfiuemae require, for gro-ath, a source of 
DPN or TPN (cf p 308) and of putrescine or a related diamine (cf 
p 815) Some strains of Hemophilus also need heroin for grmvth under 
aerobic conditions , at least one class of insects and some protozoa exliibit 
a similar requirement for an exogenous source of hemin Thus hemm 
must be classified as a growth factor for a \anety of organisms, and, 
because of its distribution in nature and its biochemical role as a part 
of the catalj'tic heme proteins, it may be included among the members 
of the B complex 

Various constituents of nucleic acids ha\c been found to serxe as 
growth factors for microorganisms For example, thjraidine is required 
bj some lactobacilli ^hen they are cultured m media de\oid of PGA 
or CF (cf p 8981 Furthermore, a strain of Lactobacillus gayonii 
requires for optima! growth a source of any one of the nucleotides 
derived from yeast PNA, the corresponding nucleosides do not appear 
to be effective 

The grow th-promotmg ability of peptides has been mentioned pre\i- 
ouslj (p 745) , among these growth factors, the material termed "strep- 
ogenm" is of special interest In this connection it may be added that 
the protozoan Glaucoma scintUlans requires for growth an exogenous 
source of peptides or of proteins (eg, casein) as well as free ammo 
acids, however, preparations of strepogenm are ineffective m meeting 
this peptide requirement 

Another type of grow’th factor is required by a strain of Lactobacillus 
bijidus isolated from the intestinal flora of human infants This organtsm 
requires an exogenous source of a complex oligosaccharide present m 
human milk, but not m cow s* milk Simpler compounds such as N-acety 1- 
ncuramimc acid (p 426) or the / 3 -methy Iglycosidc of N-acelyl-n- 
giucosamme can partly replace this growth factor for L bifidus^^ 

The Fat-Soluble Vitamins® 

Ab noted earlier, the vitamins classified under the letters A, D, E? 
and K are fat-soluble factors essential for the normal growth or mam- 

^ G VV Kidder el a\, Ptoc Soc Ezptl Bwl Med, 86. 6S5 (1951) 

F Ziltiken et al , J Bxol Cheta , 208, 299 (1954) , Arch Biochem and BtophvU 
W. m (1955) 
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The metabolic function of carnitine is obscure, but it is noteworthy 
that 0-acet>lcarnitine transfers its acetyl group to coenzyme A in the 
presence of enzyme preparations from sheep luer or pigton liver, this 
finding suggests the possibilitj that carnitine may be invohed in trans- 
acetylation reactions in mvo 
0— COCH3 
+ I 

(CH3)3NCH2CHCH2C00'' + coenzyme A ^ 

O Acetileamtme OH 

+ 1 

(CH3)3NCH2CHCH2C00~ -b Acetjl-CoA 

Carmtioe 

B Vitamins of Doubtful Status The compounds myo-inositol (p 412) 
and choline (p 800) ha\e often been classified as \itamins belonging to 
the B complex The inclusion of wiyo-mositol in this group depends 
mainlj on work, with rats and mice, in which various external manifes- 
tations of a deficiencj state ha\e been observed Although it appears 
that myo-inositol can be synthesized in the tissues of higher animals 
(rat, chick), when human cells (eg, bone marrow, liver) are grown in 
tissue culture, this compound is an essential constituent of the medium 
It is also a growth factor for Saccharomyces ceremsme and several other 
yeasts and for some fungi 

Choline is widely distributed in nature and is present in the natural 
materials usually emplojed as nutritional sources of the B complex As 
noted previously (cf p 802), choline is readily formed tn uiuo Although 
a characteristic syndrome has been associated with choline deficiency , the 
symptoms are actually a reflection of a deficiency in the dietary source 
either of labile methvl groups or of the B vitamins essential for the 
biosynthesis of methyl groups from other constituents of the diet 

Choline and mositol are present in animal tissues (in the phospho- 
lipids) in amounts much greater than those usually associated with the 
true vitamins Furthermore, no cofactor essential for enzymic reactions 
has been shown to include either of these compounds as a structural unit 
It IS appropriate therefore to exclude choline and inositol from the list 
of B vitamins 

Nutritional studies have led to the discovery of other dietary factors 
whose present status is uncertain or which do not appear to be true 
B vitamins Among these is vitamin B13, which promotes the growth 
of rats and of chicks Although its nature has not been elucidated, it 

Friedman and G Fratnkel Arch Btockem and Biophys , 59, 491 (1955) 

H Daughaday et al J Biol Ckem, 212, 869 (1955), J W Halliday and 
L Anderson, tbtd, 217, 797 (1955) 

H Eagle et al , J Biol Chem , 226, 191 (1957) 

F Novak and S M Hauge, / Btol Chem, 174, 647 (1948), L Mann and 
S M Hauge, tbid, 202, 91 (1953) 
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be essential for the provitamm actmtv /8-Carotene shoris Mtamin 
activity onl> when it is fed mouth Thus the parenteral adniinis- 
tration of ^-carotene does not alleviate the sjmptoms of a vitamin A 
deficiency, although it does lead to the deposition of the carotene in the 
liver The mam site of the conversion of the provitamins into vitamins 
IS the wall of the small intestine, the formation of the vitamin alcohol 
from retmenei, the corresponding aldehyde, also has been found to take 
place m this tissue The hver, which is the chief storage depot for 
carotenoids and for vitamin A, apparently cannot convert the provita- 
mins into the vitamin** 

Since jS-carotene, which is the most potent of the provitamins, is only ’ 
one half as active fon a weight basis) as vitamin Aj m animal assays, 
this symmetrical carotene molecule apparently is degraded in vivo with 
the ultimate formation of only I molecule of vitamin per molecule of 
^-carotene Presumably the other provitamins can be metabolized by 
a similar pathway The mechanism by winch the carotenoids are cleaved 
is not known, it has been suggested, however, that the degradation is not 
effected by an oxidative cleavage of the central ethylemc bond (between 
carbons 16 and 15' of /J-carotene, cf p 653) to yield'a C 20 compound, 
but by an initial oxidation at one of the “terminal” double bonds to 
yield an aldehyde with 27 or 30 carbon atoms (a “carotenal”) Such 
aldehydes have vitamin A activity when tested with vitamin-deficient 
rats Stepwise oxidation of the long-cham aldehydes would be expected 
to yield vitamin Ai aldehyde (retincnci), which is readily reduced to 
vitamin Aj (cf p 659) 

In view of the relation of the vitamins A to the visual process m 
animals, it is obvious why the onset of a vitamin A deficiency can most 
readily be detected by tests for dark adaptation, le, for the visual 
response of the retinal rods Indeed, “night blindness” is the most 
common symptom of this av'itammosis in the human It should be 
added, liowcver, that vutamin A has been implicated as a key substance 
not only m the visual response in dim light but also in color vision, 
which depends on the visual pigments of the retinal cones (ef p 660) 

Xerophthalmia, the syndrome of acute vitamin deficiency m the rat, 

IS veiy rarely encountered m man, and is probably a secondary' mani- 
festation of the general change m epithelial tissues that characterizes the 
deficiency m higher animals In the rat avitaminosis A is also charac- 
terized by loss of weight, skeletal abnormalities, and disturbances of 
normal sexual processes The biochemical role of vitamin A m this 
aspect of metabohsm has not been elucidated, but is believed to be dis- 
tinct from the role of the vitamin as a precursor of the visual pigments 

»8S M Patel Dt al Arch Biachent and Btopkvt, SO, 103 {1951) 
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tenance of some higher animals Most of the fat-soluble compounds 
to bo discussed in this section arc found m large amounts only in plants, 
^ith the possible exception of the carotenoids (the prOMtamms A), little 
IS known of their biochemical function in the plant kingdom Nor is 
much information a\ ailablc about their actual metabolic roles m animal 
tissues, although certain deficiency diseases of animals ha\e been asso- 
ciated with each aitamin group With the demonstration that man\ 
members of the vitamin B complex are essential to enzymic reactions, 
it was postulated that a similar biochemical function would be found 
for the fat-soluble \itamms This hjpothesis has yet to be supported 
by unequi\ocal experimental data for vitamins D, E, and K, and the 
demonstrated role of vitamin A in the visual process (cf p 660) does 
not fully explain the nutritional requirement for this substance 
In addition to vitamins A, D, E, and K, the “essential fattj acids” 
(p 560) are occasionallj classified as fat-soluble vitamins, these acids 
had been designated “vitamin F,” but this term is now obsolete 
The Vitamin A Group During the period ^1913_ to ^915. the work 
McQo num and Davis and of Os borne a nd Mendel demonstrated the 
existcnCn'of tw 0 types^i^'acccsSof^rTScttni^* , these v^re at first termed 
“fat-soluble A” and “water-soluble B” In 1922 McC ollum and his 
c^laborators showed that the lat-soluble moterml present in butter fat 
or cod liver oil contained at least twfo disfincTvilamms one (vitamin A) 
with antixerophthalmic activity, the second Kitiimip with anti- 
rachitic activity bubsequentij u "became clear that a numTier of natural 
products possess vitamin A activit> for higher animals, these include 
the isoprenoid alcohols vitamins A| and Ao (p 656), found m animal 
tissues, and a vanetv of “provitamins,” which are plant carotenoids 
converted in the animal bodj to vitamin Aj 
Vitamin Ai was isolated as a result of the search for the antixeroph- 
thalmic factor which is also essential for the growth of higher animals, 
whereas vitamin Ao was detected initially by spectroscopic examination 
of the oils from fresh water fish Pure vitamin A 2 is biologically active, 
m the rat this compound shows about 40 per cent of the activitj found 
for vitamin Aj, and is not converted in vivo to the Aj molecule®’ It is 
of interest that the administration of vitamin Ao to rats leads to the 
replacement of retinal retmcnci by retinene 2 (cf p 660) 

The provitamins include a-, p-, and y-carotene, and crjptoxanthin, 
found in higher plants, and also myxoxanthm, isolated from a blue-green 
alga Each of these carotenoids is composed of 8 isoprenc units, and 
each contains at least one unsubstitutcd /J-iononc ring, which appears to 

H Rubin and E DeRitter, Vtlamins and IIoTmones, 12, 101 (1954), J S 
Lowe and R A Morton ibid, 14 , 97 (1956), T Moore Vilamin A, Elsevier 
Publishing Co Amsterdam, 1957 

E M Slnntz and J H Brinkman J Biol Chem , 103, 467 (1950) 
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the various compounds for different animal species Since the ingestion 
of a specific form of Mtaram D is followed by the appearance of that 
compound m the milk of mammals or the eggs of birds, each D \itamm 
appears to be metabolized independently of the others 

In higher animals, vitamin D deficiencj causes abnormalities in cal- 
cium and phosphate metabolism and results m structural cimnges m the 
bones and teeth, the syndrome characteristic of a severe deficiency in 
children is called rickets, that in adults, osteomalacia The ingestion 
of excessne amounts of vitamin D also produces toxic symptoms, initially 
there is a rise m the blood calcium level followed by metastatic calci- 
fication of various internal organs and, ultimately, by decalcification of 
skeletal structures 

The D vitamins stimulate the absorption of from the intestinal 
tract, but do not appear to exert a direct effect on the absorption of 
phosphate, the lowered accumulation of bone salts m avitammotic 
animals is chiefly a result of an impaired ability to absorb calcium 
In addition, vitamin D appears to function in the internal tissues For 
example, the amount of citrate present in the bones and internal organs 
{kidnej , heart) of vitamin D^deficicni rats rises rapidlj when the vitamin 
IS given Although it is generally agreed that the D vitamins ploy an 
important role m the process of grow’lh and especially m the formation 
and maintenance of bones, the biochemical functions of this group of 
v itamina remain obscure 

The Vitamin E Group It was mentioned previously (p 667) that the 
vitamin E group consists of a senes of chroman derivatives termed 
tocophcrols The characteristic symptoms of experimentally induced 
avitaminosis E vary with the animal species In the mature female rat 
reproductive failure occurs as the result of the resorption of the devel- 
oping fetus, m the mature male rat sterility is due to degeneration of 
the germinal tissues The deficiency in rabbits and guinea pigs is 
characterized mainly by the development of an acute muscular dystrophy 
resembling the progressive muscular dystrophy m man Muscular dys- 
trophy IS also seen in rats, but here the condition is acute only m very 
young animals In the chick, vitamin E deficiency leads to specific 
abnormalities m the vascular By'stein, m monkeys, an anemia accom- 
panies the muscular weakness Ko well-defined sjmdrome of vitamin E 
deficiency has been described m man, and the administration of tocoph- 
erols to patients with progressive muscular dystrophy does not prevent 
the further development of this fatal disease 

The specific biochemical function of vitamin E in metabolism has 

nn G E Wolstenholme and C M O’Cotmor, Bone StTuclure and Metabohm, 
LiUIe, Brow-n and Co Boston, 1956 G H Bourne, The Biochemistry and Phynologv 
oj Bone, Academic Press, New Aork, 1956 
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Vitamin A is toxic to animals when it is taken m large doses over a long 
period of time^*’ 

The Vifamtn D Group The term vitamin D was proposed ongmallj 
to designate the antirachitic principle in preparations of the “fat-soluble 
A" factor Howe\er, before the actual isolation bj Brockmann and 
other investigators of the active compound (now called vitamin D 3 01 
cholecalciferol) from fish liver oils, it was shown that an antirachitic 
compound (vitamin Di, calciferol, or ergocalciferol) could be produced 
m the laboratory by tlie irradiation of the plant sterol ergosterol (p 623) 
The term vitamin Dj has been discarded since the material to which it 
was first applied has been found to be a mixture of calciferol and 
several sterols 

The observations of Stecnbock, of Hess, and of Rosenheim that vita- 
min D activity could be produced by the irradiation (preferably by 
ultraviolet light) of plants or of certain sterols had, in fact, been fore- 
shadowed by the demonstration that sunliglit had a pronounced curative 
action on rachitic children or laboratorv animals Clearly this effect is 
due to the formation in vivo of vitamins from provitamins The latter 
term, ns applied to vitamin D, implies a sterol which can be converted 
by irradiation into a D vitamin Tims 7-dehydrochoIesterol yields 
vitamin D 3 , and 22-dihydrocrgosterol yields vitamin D 4 Several other 
provitamins have been reported to be present in natural materials, and 
all the provitamins appear to be sterols m which carbon atom S bears 
an hydroxyl group and ring B contains the ^.dicnic group 

During the activation of the provitamins, ring B is cleaved between 
carbon atoms 9 and 10 (tf p 620) The sequence of reactions that 
occurs during the photochemical activation of the sterols in vitro has 
not been elucidated, nor has the mechanism by which the provitamins 
are activated in vivo been determined Indeed, it is still not clear where 
this process takes place It has been suggested that in higher animals 
the ultraviolet radiations of the sun (or of an artificial light source) 
act on the provitamins in the skin and that the resultant vitamins are 
then absorbed into the blood and transported to other tissues However, 
this hvpothesis dots not explain how the vitamins are formed m animals 
whose skin is seldom exposed to radiations of sufficient strength to 
actn ate the prov itamins (eg, heav ily furred land animals, fish that hv e 
far below the surface of the ocean) 

Although no marked qualitative difference has been observed in the 
biological actiMty of the \anous forms of vitamin D or of provitamin D, 
quantitative differences in the potenev of these compounds do exist, this 
IS especially true when a comparison is made of the relative activity of 

^ Nicmm nnd H J Klein Obbink, Kiiamins and Hormones, 12, C9 (1954) 
Nicolaj-en and N Ecg-Larsen Vtlamtns and Hormones, 11, 29 (1953) 
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components ha\ e been remo\ ed Although the hpid raatenal extracted 
from the muscle preparations contains some Mtamm E (presumably as 
a tocophcrjl quinone), it is not knoivn "whether the vitamin is directly 
m\olved m the actnity of cytochrome c reductase 
The possible biochemical role of the oxidation products derued from 
the tocopherols is uncertain Such derivatives of «-tocopherol have been 
reported to prevent or to cure the nutritional muscular dystrophj in 
rabbits inamtamed on vitamin E-dcficicnt diets, but onlj “a-tocopherox- 
ide” shows nn> activity in the prevention of fetal resorption in rats , 
The Group of K Vtiartnns The chemistry and metabolism of the 
natural compounds that exhibit vitamin K activitj has been discussed 
before (p 668), as has the “antivitaram K” activity of dicumarol 
fp 704) Vitamin Kj has been considered ns a possible electron carrier 
m biological oxidations, and the suggestion has been offered that the 
anticoagulant action of dicumarol maj be related to its ability to 
“uncouple” oxidative phosphorylation (cf p 385), an effect that is 
reversed by vitamin Ki Both vitamin Kj and the synthetic vita- 
min (menadione) arc reduced cnzymically by DPNH, and the reduced 
forms of tlie vitamins arc r6oxidizcd by heart muscle mitochondrial 
preparations, the latter process is inhibited by Antimycin 
Unlike vitamin Kj, menadione appears to inhibit oxidative phos- 
phorylation This difference between the effects of menadione and of 
Mtamin Ki is of interest m relation to the observation that large doses 
of menadione (but not of the natural vitamm Kj) arc highly toxic to 
experimental animals 

Liver and heart mitochondria, yeasts, and bacteria contain representa- 
tives of a group of qumones (variously named ubiqumono, mitoquinone, 
coenzyme Q) that are structurally related to the K vitamins They 
are derivatives of 2,3-diracthoxy-5-mcthyl-l,4-benzoqumone, with an 
isoprenoid chain (6 to 10 isoprene units) similar to that of vitamin K- 
(p 668) at position 6 of the benzene ring These substances undergo 
reversible oxidation-reduction, and restore the succinoxidase activity of 
heart mubdc preparations from which hpids had been extracted with 
organic solvents (cf p 356) 

106 A Nason and I R Lehman, Scterwc, 122, 19 (1955), K 0 Donaldson and 
A Nason. Proc ,\a(l Acad Sci 43,364 (1957) 

301 C Martins and D NUz-Litzon Btochem Z , 327, I (1955) 

108 j p Colpa-Boonstra and E C Slater, Btochm et Biophys Acta, 23, 222 
{1957> 

L Lester cl aj J Am Chem Soc, 80, 4751 (195S), R A Morton eta!, 
Ilelv Chim Acta, 41, 2343 (1958) 
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not been determined In the muscular dystrophies, the level of creatine 
in the muscles is markedly decreased, and there is a pronounced cre- 
atinuna The muscles of \itamin E-deficient rabbits contain abnormallj 
large amounts of free ammo acids other than gljcine^®- Furthermore, 
avitaminotic rabbits and monkeys excrete large amounts of allantom 
(p 856), possibly as a result of an increased rate of nucleic acid turno\er 
in liver and skeletal muscle One of the most ob% lous characteristics 
of dystrophic tissues is their abnormally high oxygen consumption, 
and a\itaminosis E apparently results m a stimulation of respiratory 
processes 

The biological actuity of the tocopherols has been attributed to their 
action as antioxidants It is knonn that a-tocopherol (p 667) can 
undergo the series of interconversions shown m the accompanying 
scheme,^®* and that the tocopherols can protect \arious compounds 



against oxidation in air, for example, the addition of any tocopherol to 
solutions of vitamin A in oil inhibits the oxidation of \itamin A and 
consequent loss of \itamin activity This antioxidant action is of im- 
portance in animal nutrition, where the feeding of Mtamm E improxes 
the utilization of dietary \itamin A Hov\e\er, this effect is nonspecific, 
since other antioxidants such as methylene blue also improve the utiliza- 
tion of vitamin A According to Dam, many of the manifestations 
of tocopherol deficiency in higher animals may be ascribed to the lack 
of these antioxidants in tissues and the resultant destruction of cellular 
metabolites by abnormal oxidation reactions In this connection, it is 
of interest that se\eral of the tocopherols can actuate preparations of 
muscle cytochrome c reductase (p 356) from which the natural lipid 

102 H H Tallin, Ptoc Soc ExpCl Biol Med, 89, 553 (1955) 

S Dinninp J Biol , 212, 735 (1955) 

KM H Harrison et al , Biochtm el Btopky^ Acta, 21, 150 (19o6), C Martins 
and H Eilmgsfeld, Biochem Z , 328, 507 (1957) 

Dim ct al, Acta Physiol Scand , 18, ICl (1919), SMC Miles et al , 
Ptoc Soc Expll Biol Med, 70, 162 (1919) 
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Acetokinase, 484, 578, 596 
«-Acetohct»c acid, 480 “S3 
Acetone, conversion to carbolijilrate, 606 
dielectric constant, 21 
formation, 549, 590 603 
in Cl unit metabolism, 774 
m protein precipitation, 20 
Acetone bodies definition, 590 
formation 590-602, 787-788 
metabolism, 603-608 
Acetj lacetone 413 
N-Acetyl-p-ammobenzoie acid, 999 
AcetjI-AMP,484 720 
0-Acct>lcaru!tme, 1(K)7 
Acct>i chloride 40-50 
Acet> Icholme, formula, 275 
metabolism, 275, 281, 577-578 
phjsiological role 377,577 
Acetj Icholme esterase, acti\ e center, 272, 
281-282 

catalj tic action 275.281 577-578 
phjsioloRical role 577 926 
Acctjl-chjmotrypsm, 694 
Acetjl'CoA conversion, to aceloncetale, 
600 

to acC'Ul phosphate, 483 
energy-rich bond, 377-379 
formation, from acetaldehjde. 483 
from acetate, 370, 483-484 596 
from O-acctjlcarnitine, 1007 
from /3-ketoac>l-CoA compounda, 
599-600 604-605, 833-834 
from ketogenie ammo acids, 784- 
785, 7SS 

from pjruvatc, 4SI-483, 506-50“ 
formula 482 

m Rcetjlation of amines 465 719 
m acet} Icholme formation, 578 
m cholesterol formation WO-031 
m citrate formation, 506-608, 518 
in fatty acid metabolism 595-601, 608 
OU-613 

m glucose oxidation, 600 
Acetyl-CoA thiophora«e, 596, 60S 
Acetyi-cocnrjrae A, sec Acct>l CoA 
Acetyldihjdrohpoic acid 481 
Acetylgalactosamine, 413, 424-428 
JJDV-, 466 

Acetjlglucosamine metabolism, 437. 464- 
466 

occurrence, 423-428 749 
test for, 413 
UDP-, 404-466 

Acet> Iglucosamme- 1-phosphate, 465-466 
Acetyig!ucosamme-6-phosphate, 405-466 

Acetylglutaroic acid 814-815, K2 


Acetylglutaraic- 7 -semialdehyde, 814- 
815 

S-Acetj Iglulalhione, 379 
Acct> Jglycinc, 92 
Acetjlhistidine, 824 
Acet> Ihj alobiuromc acid, 424, 437 
Acet> hmidarolc, 67, 379 
N-Acet> Hysme, SOS 
Acet> Imethj Icarbmol, 479-480 
Acetyineurammjc acid, 426, 1008 
0-Acetyl-p-mtrophenol, 634 
Acet>1omithmc, 814 
Acetj Ipheaylcarbinol, 480 
Acetjl phosphate, energj-nch bond, 
378 

en*>mic hjdrolisis, 328, 483 
formation, 328 452-484, 531 
formula, 326 
lu citrate formation, 506 
m fatty acid metabolism, 483-484, 595, 
608 

m Stickland reaction, 757 
Acetjl phosphate phosphatase 483 
Acctjl pool, 601 
3-Acetjlpyndjne, 309, 991-992 
Ac-globuhn, 703-704 
Acid-boi^c balance, 018-922 
Acid hcmatin, 178 
Acidosis, 100, 848 
Acids, 85-88, 228 238 
Acomtose, 503-504, 510 514 
cts-Acomtic acid, 503-504 516 520 
Acriflsv me, 358 
Acrodjmia 987, 988 
Acrolejlammofumario acid 841 
Aerj lie acid, 779 
Acrjljl-CoA 602 

ACTH see Adrcnocorticotrophic hor- 
mone 

ActiB, 488, 733 

Actinomjcm, 53, 138 

Action potential, 926 

Activ e transport, 922-924, 926-927 

Activitj coefficient, 88 232 

Actomjmsm, 487-4^ 

Actomj osin ATP-ase, 487-4SS 910 
A<ylammo acids, 49-50 
Acyl-AMP compounds, 484 720, 735 
Acjlases,7l0, 8^ 

Acjlating agents, 67, 133-I36, 142-141 
Acjl-CoA dehjdrogenascs chemistry, 
338, 344-345 

cataljtic action, 344-345, 597, 612 
in fatty acid metabohsm, 600, 612 
Acyl dehjdrogenases see Acyl-CoA de- 
hydrogenases 
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Abietic acid 663 

-73 276 

Absorbance, 72 
Absorbancj index 72 
Absorption cotfRcient, 72 
Acetaldehyde, actuated, 475 480-481 
conversion to acetate 481 
to acetyl CoA, 483 
to acetyl pho'^phate, 320 
to deoxynbo-e-S-pho-iplnte 534-535 
to ethanol, 316 475-476 
to fatty acids, 611 
formation, from ethanol 310, 475 
from glucose, 467 
from pyruvate 474-476,480 
from threonine, 792 
Acetaldehyde dehydrogenase 328 481 
Acetaldehj de-TPP compound, 475 480- 
481 

Acetal phosphatide 509 
Acetal phospholipids 568-569 
Acetamide 711 

Acetate activating enzyme, 484 
Acetazoleamide 924 
Acetic acid actuation 484 590 720 
conversion to acetyl-CoA 484 596 
to acetyl phosphate 483-484 
to cholesterol 626-531 
to citrate 506 518-520 
to fatty acids, 612-614 
to glycogen 513-515 
to pyruvate 513-515 
to squalene, 628 629-631 
to steroid hormones 642, 614 
dK«ociation, 85-88 
fortnation, from acetone 605-606 
from acetylcholine 577 
from buty rate, 608 
from glucose 478 


Acetic acid, formation, from glutamate, 
818 

fromglvcine 757-758 777-778 
from 17a'hydro\y progesterone, 644 
from propionate 602 
from purines 894-895 
from pyruvate, 450-483 
from threonine 792 
free energy of formation, 237 
m /j-carotene formation, 665 
m eburicoic acid formation 665-666 
m glv oxy late cy clc, 510-520 
m lysine formation 810 
in methane fermentation, 609 
m porphy rm formation 864-872 
m sphmgosine formation 618 
Acetic anhydride, 60 

Acetoacetate-activ atmg enzyme 596 605 
Aceloacetic acid, actuation 596-597 
conversion to p-hvdro\ybutyrato, 316, 
599 605-607 

formation, from acetoacety 1-CoA 605 
from acptv 1-CoA 600 
from fatty acids, 590-605, 607 
from leucine 788 
from ty rosme 827-828 
m cholesterol sy nthesis 627 630-631 
metabolism 603-608 

Acetoacety 1 CoA conversion to aceto- 
acetate 603 

to ^ hydroxy buty ry!-Co A 316, 598- 
599 

formation from acetoacotate 59G-597 
from acety 1-CoA 600 
m cholesterol formation, 630-631 
Acttoacety 1-CoA deacylase 605, COS 
Ateto-CoA kina«e, 596 602, 910 
m fatty acid formation 612 
Acitoin 479-4S0 
lOIS 
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AdeGosmc*5'-tnphosphate, m mctaphos- 
phate formation, 584 
m nausciihr contnction, 487-492 
m nucleic acid formation, 882, 890-892, 
897 

m nitrate reduction, 080 
m pent05c metabolism, 527-528, 885 
m phosphagen metaboli-m, 376, 486- 
487 

in phospholipid formation, C15-017 
m phosphoprotein metabolism, 742 
m phosphoiylasc actuation, 440-441 
in photos 3 'nthesis, 551-552, 554-555 
in protein formation, 720, 734, 747 
m pjndme nucleotide formation, 

310 

m piTidoYaJ pliosphate formation, 375, 
988 

m sulfate activation, 795 
m thiamine pjrophosphatc formation, 
475, 982 

in tnnsmethj lation, 804 
m tnose metabolism, 37G 513 
in urea formation 851-853 
occurrence, 203, 491 
transfer of energ^ , 374-375, 377 
S-Adenos>lhomoe35tejne. 804 
S-Adenosjlmethionine 804-805 816,829- 
831 

Adea> htetate, 484, 720 
Adenilate kinase, see Mjokinaso 
Adenjlic acid, 186-190 
cjclic dianh} drodt-, 204, 441 
see also Adenosine-5 -phosphate 
Adenjhc acid a, 1S9-I90 
Aden} he acid b 189-190 
4den} lie deaminase, SS6 
Adenjlosuccmase 891 892 
Aden>losuccjnicacid 892 
Adenjlpjrophosphatase, 4S9, 910, 982 
Adeni]p}TophoNphate, see Adeno-^mc-S - 
tnpho^phate 

ADH see Alcohol dchidrofconase 
ADP, see Adenosine-5 -diphosphate 
AdrcnaJectom}, 946-947, 964-965 
Adrenalin, chemistry, 299 
formula, 828 
mACTH secretion 952 
in carbohydrate metabolism, 441. 960- 
961 

in bpid metabolism, 903 
m phosphor} laso action, 441, 960-961 
metabolism, 828-830 
occurrence, 768, 946, 960 
presfeor action, 946 
Adrcnochrome, 384, 829-830 
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Adrenocortical hormones, chemistr}, 638- 
639, 947 

m ACTH secretion, 952 
ra carbohydrate metabolism, 947, 959 
m electro)} te balance, 947, 966-967 
in lipid metabolism, 963 
m protein metabolism, 963-965 
metabolism, 641-644, ^6-650 
secretion, 946, 950 

Adrenocorticotrophic hormone, chemis- 
try, 951, 954 

in adrenal cortev aetnity, 950 951- 
952, 967 

ID a'scorbic acid metabolism, 951-952 
in carbohydrate metabolism, 959 
in cholesterol metabolism, 643, 951-952 
m lipid metabolism, 962-963 
in protein metabolism, 964 
mchnocy te-stimulflting action, 954 
secretion, 952 

Ailrcnostcrone, 645, 648, 649 
Aesculm, 664 

A6®nc» * 

Aglucone, 432 
Agmatine, 767, 815, 823 
Alanine, chemistry, 54, 118 
formula, 54 
metabolism 778-779 
n-AIaninc, configuration, 78 
metabolism, 762, 769, 779 
occurrence, 749 

L-AIamne, chemistry , 78, 79-80, 237 
comersiOD, to acetate 757-758, 778-779 
to pyruvate, 752, 754, 760 
formation, 767, 778 816 
glucogenic action, 765, 778 
occurrence, 125 

/j-Alanme, breakdown 899-900 
formation, 767, 779 781, 899 
formula, 54 

m pantothenic acid formation, 720-721, 
993 

occurrence, 54, 137 

{/.Alamne dehy drogenase, 754 765, 778 
Alanme racemase 769-770 779 
Alamne-senne transaminase, 789 ' 

Albumins, 16, 17, 20 
m Itpase actuation, 575 
Albumoses, 130 
Alcaptonuna, 398, 826-828 
Alcohol dehydrogenase, catalytic action, 
317-323 

crystallization, 218 ‘ 

hydrogen tran-fer, 319 
in coenzynne-lmlced reactions, 327-328 
ID fermentation, 475-478 
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Acyl-enzj mes, formation, m gl>ceralde- 
hyde-3-phosphate dehydrogenase 
action, 325 

m hydrolysis, 281-282, 694, 715 
m thiolysis, 604 

m transamidation, 694, 715, 718 
Acylimidazoles, 370 
Ac> 1 migration 56, 562 
Acj loins, 480 
Acyl-oxygen fission, 281 
Adaptn e enzy mes, 746 838 
Addison’s disease, 946 966 
Adenase, 886 
Ademne, breakdown, 894 
chemistry, 187 196 
deamination 886 
formation, 887, 891-893 
formula, 187 

m nucleic acid formation 900-902 
in riboflavin formation 985 
occurrence, m nucleic acids, 187 191 
197-198 

m nucleotides, 203-200 
m pseudo-vitamm Bjo, 1003 
Adenosine, 187-188 
metabolism, 803 883 886 
Adenosine deaminase, 886 
Adenosine-2 ,6 -diphosphate 310 
Adenosine-3 ,5 -diphosphate, 994 
Adenosine-5 -diphosphate, chemistry, 
203-204 370-378, 487 
effect on respiration, 383-384 
formation from ATP by alcoholic fer- 
mentation, 470-471, 476 
by ATP-ase 489 
by glycolysis 488-492 
by nucleotide transphosphorylases 
459 882-883 

oxidatis e phosphory lation respiratory 
chain, 381-385, 509, 621-524 
substrate linked 380, 505-506 521 
phosphorylation, 374-377 380-385 
by acetyl phosphate, 484 
by carbamy 1 phosphate 852 854 
by creatine phosphate 486-487 
by dipho-sphogly cerate 373 376 
by hexose phosphates, 459-461 
by inorganic phosphate 505-506, 518, 
721 

by nucleotides, 376 459 512 
by phosphoenolpyruvate, 473 
m alcoholic fermentation, 470-471, 
473, 490-491 

m citric acid cycle, 521-524 
m gly colysis 489-492, 621 
m nitrate reduction, 680 


Adenosme-5 -diphosphate, phosphoryla- 
tion in photosynthesis, 654-555 
in put me breakdown, 895 
in Stickland reaction, 757-768 
see also Adenosme-5 -triphosphate 
Adenosine monophosphate, see Adeno- 
siDe-5 -phosphate 
Adenosme-2 -phosphate, 189-190 
Adeaosine-2 ,3 -phosphate, 189-190 
Adenosine-3 -phosphate, 189-100 
Adenoaine-5 -phosphate, com ersion, to 
ADP 376 459, 882 
to ATP, 484, 595, 851 
deamination, 886 
formation 489 882-583 , 891-893 
formula 189 
hydrolysis 880 
m histidme formation 821 
ID phosphory lase actuation, 440 
occurrence 190 203-205 
pyrophosphorolysis, 885 
Adenosme-3 -pho»phate-5 -phosphosul- 
fate 647 795-796 

Adenosme-5 -phosphoryl carbonate 788 
Adenosme-5 -py rophoaphate see Adeno- 
sme-5 -diphosphate 
Adenosme-S-tetrapho^phate 204 
Adenosine triphosphatase, 473-474, 48&- 
489 

Adenosme-5 -triphosphate ehemistry,203- 
204 487.925 

energy-rich bonds, 377-380 
hydroKsis 228 374 378 
enzymic hydrolysis, 283, 473-474 487- 
489 

inhibition by fluoride 381 
formation, from ADP, see Adenosme- 
5 -diphosphate, oxidatne phos- 
phorylation and phosphorylation 
from AMP, 484 595, 851 
formula, 204 

m alcoholic fermentation, 470-471, 473, 
490-491 

m amide bond formation, 635 718-721, 
734 819 

in ammo acid formation 790-791, 851- 
853 

in biolumincsccnce, 346 
m carbon dioxide fixation, 512, 788 
m citric acid cycle, 505-506 521-524 
m coenzyme A formation, 721, 993-994 
in fatty acid ai tuation 376 484 720 
m fatty acid cy cle, 594-595 602, 612 
in na\m nucleotide formation, 335, 336 
in glycolysis, 489-492 494 
m hexose metabolism, 459-462, 526, 536 
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Ammo acids, chemistr>, 52-84, 90-07 
acid labditj , 47 
ac>latxon, 49-50, 132-136 
alkah lability, 47 
ammo group reactions, 48-52, 01 
carboxyl group reactions 52, 76D-770 
chelation, lOS 

color reactions, 61-52, 58, 66-66, OS- 
GO 

solubilitj, 94-97 
chromatography, 116-126 
classification, 46 
configuration, 78-80, 97 
conversion to urinary ammonia, 848 
dipole moment. 92 

dispensable, 724-726. 731-732 764-765 
dissociation, 92-97 
enzymic deamination, 750-759 
enzjTnic decarbox 3 Jation, 766-770 
estimation, chemical, 113-II6, 120-125, 
126-129 

enzymic, 764, 766 
excretion, 847 858 
formation, from kctoacids 754-766 
from oximes, 673 
from proteins, 694, 695-098, 700 
m plants, 681 
photosynthesis m, 553 
transamination m, 764-760 
formol titration, 91 
free energj of formation, 237 
glycogenic, 763-764 
heat of combustion, 226-227 
in blood, 739 858 

incorporation into proteins, 729-738 
744-745 

indispensable 673-674, 724-728, 735, 769 
in homeostasis 917-918 
in proteins, 125 
intestinal absorption, 700 
isoionic point, 94 
isolation 46-48, 58, 68 
as t'lMg 62-66, 09-72, 96-97, 114 
by column chromatographj , 126 
ketogemc, 763-764 
melting points, 92 
metabolism 771-859 
sec also individual ammo aads 
occurrence m nucleotides, 748-749 
optical activjtj, 78-83, 97 
pK values, 713 
values 11$ 

racemic, enzymic resolution, 84. 710 
714, 754 

racemization 47,769-770 
relation to plant alkaloids, 859-862 
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Ammo acids, release from proteins, 736 
silting m, 95-96 
suUmg out, 0&-07 
solubility , 94-97 
titration, 91-92 

transport, 732-733, 739, 744-745 
X-ra> analysis, 157 

n-Ammo acids, enzymic deamination, 
335-336 751-754, 755 
occurrence, 80-81, 137-139 
Ammo acid sequence in proteins, 142-143, 
145-148 

Ammo acid transaminases, 750, 759-763, 
765-766 

Ammoacrjlic acid, 844 
Ammoacyl-AMP, 720 735 
o-Ammoidipic acid, 808-809, 810 
o-Aminoadipic-c-scmialdehyde, 809, 810 
Ammo alcohols, 52 

o-Ammobenzoic acid, 834, 841, 842-843 
p-Ammobenzoic acid, formula, 260 
metabolism, 719, 778, 834 
occurrence, 207, 999 
vitamin activity, 999 
tf-Aminobutync acid, 64, 779, 794 
7 «Ammobutyric acid, formula, 54 
metaboJi^m, 762, 767-768, 817 

3- Ammo-3-dcox>nbose, 413 
2-Ammo*4,6-dio\jptcndme, 207 
Ammoethanol, conversion, to choline, 

802 

togl>cinc,77l,777 
formation from phospholipids, 580 
formula. 5G8, 772, 777 
in phospholipid formation, 615, 615-617 
occurrence, 56 137, 568-569 
AmmoethanoJphosphorjJserme, 55, 56 
p-Aminohippunc acid, 719 
a-Ammo* 7 -hvdroxj butyric acid, 757, 795* 
791,794, 812 

7 -Ammo-a-hydro\jbutync acid, 767 
^Aminoimidazole, 894-895 
5-AmmoimidazoJe-^-C8rboxamide, 88S- 
889 

5-AmmoimidazoJe-4-carboxamide ribo- 
side, 884, 888, 880 

5-Ammoimidazole-4-carbQxamide nbo- 
tide, in histidine formation, 821 
m punne formation, 888-891 
5-Ammoimidazole-4-carboxy he acid, 894- 
895 

5- Aminoimidazole nbotidc, 896-891 

6- Ammoimidazole-4-(N-succmyIocarbox- 

amide) ribotide 890-891 
^Aounoisobutyric acid, 899 

4- AnMQO-3-iso\azo!idone, 57 
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Alcohol dehjdrogenase, m \ision, 659 
In er, 218, 316, 319-323 
specificity, 316 
>ea'!t,218 316-319 
zinc in, 319-321 

Alcoholic fermentation definition 456 
earl> studies, 212-214 456-457 
Embden-Mejerhof scheme 476-477 
I cnz>mic reactions 457-464, 467-475 
I free-energ> changes 491 
inhibition, bj fluoride, 467-468 472 476 
by lodoacetate 476 
i by sulfite 467 478 
Neuberg’s first form, 478 
J Neuberg’s second form, 478 
relation to gljcoljsis 489-491 
Alcohols, en 2 >mic oxidation 317-321 
Aldehjde dchjdrogenase 316 326, 483 
Aldehjde mutase 328 
Aldehjde oxidase, cataljtic action 339 
823 988 

prosthetic group, 338 

Aldehjdes, cnzjmic oxidation, 323-327, 
339 

enzj mic reduction, 317-321 
reactions with amino acids 51, 91 
Aldohexoscs, 403-405 
Aldolase, cntaljtic action 216 468 
in alcoholic fermentation 4G8-470, 476 
m gl> colj BIS, 46S-470 
; liver, 469, 493^94 
muscle cataljtic action, 468-470 
crjstallization 218 469 
in mjogen A, 217 
metabolism, 737 
particle weight 469 
terminal amino acids, 143 
occurrence, 469 
specificitj 469 

Aldosterone, formation 042-644 
formula, 639 

in cnrbohj drate metaboli»m 947 
in electrolyte balance 947 967 
secretion 638 946,967 
Algmic acid, 423 
Alkaline tide 924 
Alkaloids 859-863 
Alkalosis 100 848 
Allantoic acid 857 
Allantoica«e 857 
Allantom, 856-8o7, 1013 
Allantoinaso, 857 
Allim 60 981 
Allithiamme 981 
Allohjdroxjprolme 82 138 
^•■^lloisolcucine, 133, 781 
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Li-Alloisoleucine, 82 781-782 
Allopregnanc 638 
Allopregnane-S^O-dione, 647 
Anopregnan-3-ol-20-one 647 
Allose 404 
n-Allothreonme, 82 
n-AIIothreonine 82 
Alloxan 299 941 
Alloxan diabetes 941 
Alloxantc acid, 857 
S-Alljlcj Sterne sulfoxide, 60 981 
Allj lisopropylacctj liirea 872 
Altrose, 461 

Aluminum, 768 90S 909 
Aluminum hj droxide 24 
Aluminum silicate, 24 
Amberlite resins, 122, 126 
A-methopterm, 002, 1001 
Amidases, actuation bj metal ions 262- 
263 697 

cataljtic action 274, 710-711 763 
tj pc reactions 216 
(•^Amidases 763 
Amide bond 52 710-711 
see also Peptide bond 
Amidophosphatc 485 582 
Ammo acid-actuating enzjmes, 720 
Ammo acid amides 52 62-^ 

Ammo acid composition of proteins, 122- 
125 

Ammo acid deaminases, 745 755 
Amino acid decarboxjlases 745 766-770 
uAmmo acid dehjdrogenase, 757 
Ammo acid esters 52 
Ammo acid oxidases 335-338, 751-755 
in ammonia excretion 848 
o-Amino acid oxidases catahtic action, 
335-336. 751-754, 755 
flavin nucleotides m 336-338, 751, 755 
fluorescence, 337 
inhibition bj atebrm 337 
Michaclis constant 837 
occurrence 751-752 755 
specificitj , 277, 337, 752 755 
tumov er number 752 
ir-Ammo acid oxida'es, cataljtic action, 
751-754, 808 

flavin nucleotides m 337 338 752 
inhibitors 751 
occurrence 751-752 
specificitj 277, 752 808 
turnover number 752 
Ammo acids absolute configuration 78 
actuation 720 736 
active tran'port, 744-745 923, 974 
as electrolj tes, 90-97 
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Anhydroieucovonn, metabolism, 822 895 
occurrence, 999-1000 
Animal heat, 929-937 
Animal protein factor, 1005-2006 
Amon-exchange reams, 122 
Anorexia 946 
Anserine, 237, 805 824 
Anthocjanjdina, 669-670, 672 
Anthocjanms, 889 

Anthranihc acid, breakdown, 834, 841 
formula 840 S43 

m trjptophan metabolism 841-843 
Anthrone 408 
Anthrone reaction 407, 421 
Antibiotics, D-amino acid content, 80-81, 
137-138 

APF actnitj, 1006 
compelitne inhibition, 260 
Antibodies, ehemislrj 740 
formation, 739-741 
to enzymes. 221 
to polj saccharides, 427 429 
Antifibnnob sm 703 
Antigens. 427, 429 739-740 
Antihemorrhagic factor, 668 
Atttimetabolitcs, 977 
AQtjman5 , 980 

Antimony trichloride teat, 656 
\ntimycm A, 3S0, 359-361, 1014 
Antioxidants, 564, 1013 
Antiplasmin, 7ftS-70t 
Antistcnlity factor 666-667 1012 
Antithrombm, 703-704 
Antithromboplastm 703-704 
APF, 1005-1006 
Apigemn, 671 
Apoenzyme 220,321 
Apofemtin 912-913 
Apyrases, 489, 910, 982 
Aquafiai m, 986 
Arabans, 423 
Arabmo'e excretion 529 
occurrence 423 570 
UDP-, 528 

i)-Arabmo«e, formula, 404 
metabolism 528 538 
occurrence 206 
L-Arab!no«e formula 538 
metabolism 447,538 
occurrence 410 416 423 
optical rotation, 406 
Arabonic acid, $38 
Arabono-a'-lactone, 538 
Arabulo«c 447 
Aracbam, 707 
Aracbidic acid, 559 


Arachidonic acid, formula, 559 
tnetabobsm, 560-561, 609, 614 
occurrence, 659, 573 
Araehm, 53 

Arginase, 271, 849-850, 853 
Argmine, alkaline lability , 47, 65 
conversion, to glutamate, 812-835 
to prolme, 812-814 
deamination, 752, 812 
dissociation, 93-94 
^timation, 65 

formation, 731 S1I-8I5, 850-853 
formula, 64, 851 
gfucogcnic action, 764 
m creatine formation, S03-S04 
indispensable nature, 725, 72$ 811 
m urea formation, 811, 849-853 
isolation, 64, 114 
microbial breakdown, 8S3-S54 
occurrence, 64-66, 125 201 
optical rotation, 79 
phosphorylation 487 
jR*- values, 118 
transamidioaticn. Sll-812 
Argmine decarboxylase, 767 
Argminc dcsiraidasc.SSI 
Argmiae kinase, 48 ? 

Argmine phosphate, 65, 378-379, 485 
Argmine pbosphokmasc 4S7 
Argininosuccinic acid 851-853 
Arrhemus equation 263, 265-266 
Arsenite, 326,439 
Arsenic, 806 908 
Arsenite, 504 
Arsenocholme, 800, 801 
ArKrno!j«is 326 439 
f-Artereool, 828-829. 946 
Ascorbic acid adrenal metabolism, 951- 
952 

antioxidant action, 564 
brcakdowTi 979 
defiaencj , 978-979 
estimation 978-979 
excretion, 979 
formation, 539-640 978 
formula, 306 540, 979 
m iron metabolism, 9S0 
m nitrite reduction 6^ 
m PGA metabolism. 9S0 
m pheny’lalatiiDC and ty rosine metabo- 
lism 825 828. 9S0 

m photosyntfaetic pho‘*phor>}ation, 554 
occurrence 978 

oxidation 362-363 368 382-383, 539^ 
oxidation-reduction system 239, 305- 
300 
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a-Ammo-)3-ketoadipic acid, 8G6-868 
8-Ammolaevulic acid, see i-Ammolevu- 
Imic acid 

J-Ammolevulmic acid, con\ ersion to 
porphyrins 868-869 870-872 
formation 866-868 
formula, 867 

in Cl unit metabolism, 774, 867 
m gljcme breakdown, 776 
m \itamm B 12 formation 1004 
i-Aramolevulinic dehjdrase, 868 872 
4-Ammo-10-meth>lPGA, 902 1001 
a-Amino- 7 -meth> Ithiobutj ric acid 792 
Aminopeptidases, action, on corticotro- 
phin A, 951 
on papain, 220, 705 
actuation b> metal 10 ns, 697 
catalj tic action, 696-698 
m end group anal>sis of proteins, 144 
occurrence, 685, 696, 701-702 
specificitj, 274 695^97 
4-AminoPGA, 898 902, 1001 
a-Amino-^-phcnylbutync acid 778 
\minopterm, 898 902 1001 
Ammo sugars, 412-413 423-^26 428 
8-Ammo\ alenc acid, 758 
Ammonium 10 ns and ammonia activa- 
tion of enzymes 910 
antagonism to potassium, 927 
as dietary nitrogen source, 725-726 
conversion to carbamyl phosphate, 852- 
So3 

detoxication, 817 853 
dissociation, 89-90 
excretion, 847-849 918-919 
formation, by nitrogen fixation 674- 
677 

from ammo acids, 750-759, 764-766 
853-854 

from nitrate, 681, 682 
from purines, 894-895 
from pjnmidmes 899-900 
from urea 849 

in ammo acid formation 721 754-758 
765-766 819 

m ketone body metabolism 607 
m nicotinamide formation, 990 
in nitrogen fixation 674-676 
m protein formation 673-674 681 742- 
743 

m purine formation, 854-855 
mpjnmidme formation 895 S97-S98 
m urea formation 818 81S-S53 
oxidation to nitrate, 679 
toxicity, 817,853 
urinary, 848-849, 918-919 


Ammomum sulfate, 19-21 
Ammonotehc organisms, 847 
AMP, see Adenosine-5 -phosphate 
Ampholyte, 92 
AMP-luciferm, 346 
Amygdalm 210, 416, 432 
Amylases 433-437 

o-Amylases, activation by chloride, 434 
catalytic action, 434 
cryatalbzation, 218, 434 
effect of pH, 271 
metabolism, 734-735 

^-Amy loses cataly tic action, 434 444-445 
crystallization, 218, 434 
Amylo-1 6-glucosidase, 436 444-446 
Amylomaltase, 453 

Amylopcctin, activation of phosphoryl- 
ase 442 

enzymic hydrolysis 434-436 
iodine reaction, 417 
particle weight, 420 
structure 419-420 

Amylose, enzymic hydrolysis, 433-437 
i^me reaction 417, 437 
particle weight 417 
structure, 418-420, 437 
Amylosucrase, 452 
Anabasme 860 
Anabolism, 3S7 

Androgens, breakdown, 647, 649-650, 651 
formation, 643, 644-645 
occurrence 641, 644 
physiological effects 948-949, 966 
secretion, 948-949, 950 
structure, 638, 641,645 
Androstane, 638 
5a-AndrostaQc 638 
5^-Androstane, 638 
Andro3lane-3B,17j3-diol, 649 651 
Androstane-3 17-dione, 649 651 
ADdrostan-3a-oI-17-one, 651 
Andro'!tan-17/3-ol-3-one 649 
A<-Androstene-3 17-dione 645-646 649 
A<-Androstene-3,lI,17-trionD 645 648 649 
A^-Androsten-ll^-of-3,17-dione, 645, 648 
C49 

A^-Androsten-19-ol-3 17-dione, 646 
Androsterone, 641, 640 948-049 
Anemias, 876 1001, 1004-1005 1012 
see also Sickle cell anemia 
Anemonm 637 

Angiostomy technique 397-393 
Angiotonin 140-141 
Angbtrom unit 73 
Anhydroleucovorm, chemistry, 773 
formula, 775 
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Base, 85 

Basedow’s disease, 943 
Batyl alcohol, 566 
Beer’s law, 72 
Behenic acid, 559 
Bence-Jones protein, 741 
Benedict’s solution, 407 
Benzalacetophenone, 670 
Benzalcoumaran-3-one, 670 
Benzaldehjde, 210, 432 
Benzimidazole, 1002-1004 
Benzoic acid, free energy of formation, 
238 

metabolism, 590, 719, 832-834 
Benzoylglycme, see Hippuric acid 
Benzyloxj carbonyl chloride, 49-50, 132- 
135 

Benberi, 982-983 
Beryllium, 908 
Betaine, formula, 54, 800 
lipotropic action, 588 
metabolism, 776, 801-802, 807-803 
occurrence, 54, 801 
Betaine aldehyde 802 
Betame aldehyde deh>drogcna«e, 802 
Bctame-homoo Sterne transmethylase, 
802 

Betames, 824, 858-859, 1006-1007 
Bicarbonate-bound base, 919 
Bile acids, 632-635,651 
Bile pigments, 167-168, 869, 872-876 
Bile salts formation, 6^, 635 
m lipid metabolism, 575, 584 
use m cytochrome preparation, 354- 
355 

Bilirubin, 385, 873-875 
Bilirubm clearance test, 874 
Biln erdin, 873 874 
Biochemical genetics, 398-399 
Biocytin, 995-997 
Biological half-life, 396 
Bioluminescence, 345-346, 570 
Biopterm, 207-208 1000 
Bios, 977, 992, 995 
Biotin 995-998 
Biotmidase 995 
Biotm sulfoxide, 996 
N-Biotinylljsme, 995 
Biotoproteins 995 
■V-Bisabolene 662, 663 
Bismuth 908 
Biuret, 130 
Biuret reaction, 130 
Bixin 654 

Blackman reaction, 548-549 
Black tongue, 308, 990 


Blood coagulation, 702-704 
glucose, 497-498 
inorganic constituents, 914-916 
pH regulation, 916-921 
proteins, see Hemoglobin, Plasma pro- 
teins 

Blood-brain barrier, 733 
Blood-group substances, 427-428 
Bond energ> , 380 
Bone, 581, 953, 968, 1012 
Boric acid, 414-415 
Bomeol, 432, 662 
Boron, 908, 909, 914 
Bound carbon dioxide, 919 
Bragg equation, 157 

Branched-cham ammo acid transaminase, 
782-783 

Branching enzymes, 443-444, 454, 492 

Brassicasterol, 624 

Brodie solution, 287 

Bromcresol green, 89 

Bromcresol purple, 89 

Bromehn, 705 

Bromide ions, 909 

Bromoacetic acid, 144 

Bromobenzene, 59 

^•Bromolactic acid, 80 

p-Bromophenylmercaptunc acid, 59 

5-Bromouracil, 902-908 

Bromphenol blue, 89 

Brucine, 81 

Buffers, 87-88 

Bufotenine, 846 

Bufotenme-N*oxide, 846 

Bulk elements, 909-911 

Buna rubber, 4S0 

Bushy stunt ^^nl^, 23, 42, 197, 202 

Butadiene, 480 

2,3-ButaDediol, 480 

Butein, 671 

Butyne acid, formation, from glutamate, 
818 

from threonme, 818 
occurrence, 559 
oxidation, 597, 608 
Butyryl-CoA, 597 

C«, 389 
CW, 392 

Cadavenne, 767, 823, 862 
Cadinene, 662, 6^ 

Cadmium, 908 
Caesium, 908 
Caffeic acid, 672 
Caffemc, 206 
Calciferol, 622. 1011-1012 
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Ascorbic acid \itamin actuitj 978 
Ascorbic acid oxidase 368 
Asparaginase, 710 

Asparagine, chemistrj, 51 62-63 , 71 
enz>mic h>drol>sis, 710 
formation, 819 
formula, 62 

occurrence 62,131,819 
optical rotation, 79 
plant metabolism 742-743 819 
transamidation 718 
transamination, 762-763 819 
Aspartase, 240, 755, 765 
Aspartate carbamj 1 transferase 896- 
897 

Aspartic acid, formula 62, 240 
free energy of formation 237 
Bj'xaluos, 118 
titration cun, e 93 
D Aspartic acid, 338 755 
i/*Aspartic acid amidation 819 
breakdown 787 818-819 
conversion to fumarate, 240 851-852, 
891-892 

formation 240,710 731 
glucogenic action 764 818 
m citric acid cycle 502 
in isoleucme formation 818 
in lyaine formation 810 818 
m methionine formation 818 
in nitrogen fixation 675 678 
in photosynthesis 553 
in protein metabolism 765 
in purmc formation 855, 891-892 
m pyrimidine formation 895-896 
m threonine formation 790-791 818 
m urea formation, 851-852 
occurrence, 62, 125 
optical rotation, 79 
oxidatn e deamination, 752 755 760 
phosphorylation, 790-791 
relation to biotm 997 
transamination, 759-763 
L-Aspartic acid decarboxylases, 767 
D Aspartic acid oxidase 338 755 
Aspartic-^-'emialdehyde 790 
Aspartic semialdehy dc dehy drogenase, 
791 

^-Aopartokmase, 790-791 
P Aspartyl phosphate, 790-791 
Astacin 655 
Astaxanthm 655 
Asymmetric carbon atom 78 
Atcbrm 337 

^imungiferment, see Cvtoclirome oxi- 
dase 


Atom per cent excess 391 
ATP gee Adenosine-5 -triphosphate 
ATP-AMP transphosphory lase 376 459 
ATP-argmme transphosphoryhse, 487 
ATP-ases 473-474, 488-489 
ATP-creatine transphosphory lase 376, 
486-488 

ATP-l,3-diphoBphogly ceric transphospho- 
ry lase see ATP-phosphogly cerate 
transphosphorx lase 
ATP-hexose transphosphory la«e, see 
Hexokmase 

ATP-phosphogly cerate transphosphory 1- 
ase catalytic action 373-374, 470- 
471 

cry staliization, 218, 470 
m alcoholic fermentation, 470-471, 476 
m glycolysis, 476 

ATP-phosphopy ru\ ic transphosphory 1- 
ase cataly tic action 473 
effect of metal ions, 473 910 
crystallization 218 
in alcoholic fermentation 473, 478 
in glycolysis 490 
Atropine, 578 8C0 
Aurcomycm 875, 1006 
Aureusidin 671 
Aurone 670 
Aurones 671 

Autocataly tic reaction, 262 688 
Autolyais 700-703 
Autotrophic organisms, 285 
Autoxidation 305 
Auxin 846 072-974 
Auxotroph 126 397 
A\ idm, 202, 995-996 
Avidm-biotm complex, 996 
Aiogadro* number 149 
Azaguanine, 002 
Aza>!enne 57 890-891 902 
Azathymine, 903 
Azelaic acid 611 
Azetidine-2-carboxy he acid 71 
Azide, 385 
Azoproteins 740 

Bacitracins 138 

Baclenochlorophy 11 183 549 871 
Bacteriophages 185,901-905 
nucleic acid m, 104, 196, 19S 
Baikain 71 
BAL, 355-356 
Barbituric acid 900 
Barium 22 90S 
Basal metabolic rate 931-936 
Basal metabolism 035-937 
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CarboligQse, 480 
Carbon c>cle in nature, 545 
Carbon dioxide, actiiation, 787-78S 
carbammo-bound, 919-920 
coniemoD, to carbonic acid, 016-917 
to formate, 316, 483 
cfTcct on oxyhemoglobin, 175-177 
formation, by ammo acid tictarboiijda- 
tioa, 760-770 

by carbohydrate fennentalion, 476, 
478 520 

b> carbohydrate oxidation, 50S, 531- 
632, 550-651 

b> fatty acid oxidation, 600-607 
by purine breakdown, 894-695 
by pyrimidine breakdown, S99-900 
from formate. 483 
from p> ru\ ate, 479-480, 503 
from urea, 849 

fice energy of formation, 237 
in carbon cycle, 545 

incorporation, into carbamyl phcfcphalc, 
852-853 S97 
into picndinca 1000 
into punnes, 854-855 891. 
into pyrimidines 897 
into nbofiavm 985 
into urea, 848. 851-853 
isoiiydnc cwiage, 920-921 
traoaport in blood, 916-921 
Carbon dioxide fixation, biotm in 997 
m glycogen formation. 515 
m photosynthesis, 546-547, 549-S53, 
555-556 

mto i9-h> droxj -/j-methy Iglutaralc. 031, 
787-788 

into isjcitratc, 504 
into malate 512^13 
mto methyimalonate G02 
i^to oxaloacctate, 516-512 653 
mto S-pho^phoglj cerate, 527-528 551- 
552 

mto Bucemate COl-602 
Carbon disulfide, 50, 144 
Carbonic acid free energy of formation 
237 

metabolism 916-917, 020, 924 
Carbonic nnhydra«e 912, 016-917 920 
924 

crystallization 218 

Carbon monoxide, 176-177. 348-349, 363 
Carbon monoxide hemoglobin 172 176- 
177 318 

Carbon tctnchlorjde, 5S7 
N-Cmboxy anhydrides 50 135-13S 
4-Catboxy-2-azclidmoae, 71 


INDEX 

2- Carboxy •23*dih> dro-5,6-dihy droxy in- 

dole. 831 

2'Carboxy-2,3-dih}droindolc-5,6-quinone 

831 

3- 0-CarboxycthyJ-N-aeet} JglueosamiDC, 

749 

CJarboxy hemoglobin, 172, 176-177, 348 
Carboxylase, 475-476, 480, 529 
'y-Cart>ox>mcth>l-A“-buteno!ide, 831 
^-Carbotj mueonic aeid, 831 
Carboxy peptidase, activation, 696, 702, 
706 

ammo acid composition, 125 
tr>*»taUiratioa,218, 606 
effect on nbonuclease 878 
cnzjmjc-substnte compounds, 277-278 
esterase action, 696 

fommtion from procarboxypeptidase, 
696 

fnctional ratio, 150 
iDiiibitioQ 25S 
occurrence, 685, 702 
particle weight, 696 

pH optimum, 271, 702 
protooly tic action 006 701 710 
specificity , 274, 276-277, 699 
Carboxypcplidasc method, 144 
Carcinogens, 626 
Cardiac gly cosides, 637 
A'^-Carenc, 662 
Camitme, 1006-1007 
Camosme, 137, 824 
Carolic acid, 539 
Carotenal, lOlO 
o-Carotene, 653-655 1009 
^Carotene, C53-655, 1009-1010 
o-CBrotcne, 653-655 , 1000 
f-Carotene, 653 
Carotenes, 652-656 

Carotenoids, biological aetioa, 547-548 
654 657-658 

metabolism, 655-C56, 657-661, 665-C66 
occurrence, 652-657, 669 
Carr-Pricc reaction, 656 
Can one, 661-662 
Casern, chemistry , 17, 66 
cosgufation, 689 
lodinatiOQ, 831 
metabolism, 582, 737, 741-742 
Catabolism 387 

Catalases, catalytic action 179, 216 365- 
306 

chemiatry, 164, 365 
crystalhzatiOQ, 21S 

enzynne-subatrate compounds 265-366 
heat mactivation,270 
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Calcium, actu ation of enzj mes, 488, 575, 
707,910 

effect on oxidative phosphorylation, 
385 

excretion, 911 
in blood 108,945,1012 
in blood coagulation, 703-704 
in bone metabolism 581 945 96S 
1012 

indispensability, 910-911, 926 
inhibition of enzymes 473 910 
intestinal absorption, 911 1012 
in trypsin formation, 690-691 
Caloric \ alue of foodstuffs 932-933, 937- 
938 

Calorie, 225-226 

Calorimetrj , for chemical reactions, 225 
226, 228 

for In mg organisms 930-934 
Camphor, 662 
Canaline, 66 812 
Cana\ anmc, 66 812 853 
Cannizzaro reaction 328 
Canthaxanthin 655 
Capric acid, 559 
Caproic acid 559, 603-604 
Caprjlic acid, formula 559 
interaction with proteins 109 
oxidation, 592-594, 603-604 
Carbamicacid 849 852 
Carbammo acids 51 

Carbamiao-bound carbon dioxide, 919- 
920 

CarbamyU^-alanme 899 
Carbamylaspartic acid 854, 896-897 
Carbamj Iglutamic acid 852 
Carbamyl phosphate, 852-854 896-897 
Carbobenzoxy chloride, 49-50 133-135 
Carbobenzoxj method 133-135 
Carbohjdrases 430-438 
Carbohydrate metabolism alcoholic fer- 
mentation 457-464 467-475 
ascorbic acid formation 539-540 
citric acid cycle, 500-510 515-517 
digestion of carboh>drates, 436 
di«accharide metabolism, 451-455 
energj relations, 520-524 
formation of carbohydrates 492 493- 
49o 

m photosynthesis 520-553 
gb cogenesis, 492-495 
glycogenolysis 497 

gljcoljsis, 484-485 489-491, 499-500 
521-524 

gboxyhte cycle, 519-520 
hepto«e metabolism, 541-542 


Carbohydrate metabolism, hexose metab- 
olism, 457-467 535-539, 543-544 
hormonal control, 955-962, 974 
m diabetes mellitus 956-957, 959 
in thiamine deficiency , 983 
link to lipid metabolism, 520-521, 611- 
613 

Imk to protein metabolism, via alanine, 
778 

viaargmme 813 
via aspartate 818 
via glutamate 813 817-818 
via glycine, 772-773, 777 
via histidine, 821 
via hydroxy prolme 816 
via or-ketoacids 759, 763-765 
via a-ketoglutarate, 764 810 818 
via leucine 786 
via methionine 794 
via phenylalanine, 827, 834 
via prephenic acid 834 
via prohne, 813, 816 
via pyruvate 754 781 810 
vianbose 821,842-843 
V la serine 777 790 
\ la threonine 790 702 
via tryptophan 842-843 844 
via tyrosine 827,834 
via valine 780 781 
pentose metabolism, 540-541, 543 
pentose phosphate pathway, 525-534 
polysaccharide breakdowzi and forma- 
tion 430-450 

respiratory quotient, 502, 932 
role of ACTH, 959 
of adrenalin, 960-961 
of adrenocortical hormones, 947 959 
of auxin 974 
of biotin 977-998 

of glucagon 961 ^ 

of growth hormone, 959-960 
of insulin, 955-959 
tetroso metabolism 541 
Carbohydrates antiketogenic action, 

607 

calonc value, 032 

chemistry monosaccharides, 402-414 
oligosaccharides 414-417 
polysaccharides, 417-429 
occurrence in lipids 570-572 
optical activity, 406 
mutarotation 406 
protein sparing action 765 
stereochemistry, 403-406 
tests 407-408 

see also tndtvtdval carbohydrates 
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Chohne pho®phokina3e, 616 
Chobl-CoA,635 
CbondrUlasterol, 624 
ChondroiUn, 424 

Choadroitin sulfates, 424-425, 796 
Chondtosamme, 412-413 423 
Chondrosine 424 
Choriomc gonadotropins, 955 
ChromatogTaph> , column, 24-25, 115-116, 
120-120 652 
gas-hquid, 564-563 
loa-exchange, 122-126 
of ammo acids, 115-126 
of carbohydrates 415-414 
of carotenoids, 652 
of fatty ftcids, 563-564 
of nucleic acid denvatnes, 142, 189, 
195 

of peptides, 147 
of proteins 24-25 
of steroids 622-623 
paper 116-120 
Chromium, 908 
Chromoproteins 17 

Chroraosoma! nucleoprotoios, 202, 905- 
006 

Chrysanthemum monocatboxy lie acid, 
662 

Chrysm 671 

Chyloniicrona 575-576 585-5S6 
Chymopapain 218 704 
a-Chymolo'Psm, action on proteins, 692, 
695 

on synthetic substrates, 274-275, 281- 
2S2. 693-694 

active center 261-262 694 
acyl-enzyme formation, 281-282, 

694 

crystallization 218 893 
dcnaturation 221 
eSect of DFP 261 694 
esterase action 693-694 
formation 260-262 692-693 734 
m digestion, 694 
in pl^tein formation, 721 
tsoelectnc point 102 C93 
occurrence, 683 689 
particle treight, 43, 693 
peptide bond synthesis, 711-713 
specificity, 274-275 G93-694 698-699 
transamidation 715 
jJ-Cbynnotrypsia, 692-693 
■Y-Chymottypsin, 692-693 
>-Ch>Tnotrypsin 692 
r-Chymotrypam 692 
ChymotrypsmB 693 


INDEX 

i Chytnolrypsinogen coni ersion to chjTno- 
trypsm 260-262,692-693 
denaturation, 269 
formation, 735 
properties 26, 101-102 692 
Crtral, 661 

Citnc acid, asymmetric metabolism, 511- 
512 5I4-5I5 

cleavage to oxaloacetate,518 
conversion, to cis-aconitate, 503-504 
to isocitrate, 503-504 
formation 606-607, 518-520, 595 
JQ CO3 fixation, 511-612 
occurrence, 5 516,518 1012 
oxidation, 603-510 514-515, 519 
Citnc acid Qcle, fate of acetate carbon, 
514-515 

enzymic reactions 501-512 
in anuno acid metabolism 517, 620- 
521, 853 

in fatty acid oxidation, 600-601 
m oxidative phosphorylation, 521- 
524 

m photosynthesis, 550 
m porphy nn formation, 866 
occurrence, 500, 509, 616-517 
Citntase, 518 

Citrovorum /actor, 998-1001 
tee oUo KS-FormyltetrahydroPGA 
Citrtilhne 65,850-854 
Clearing factor, 576 
Chonastero) 624 
Clupem,64,201 
cn+ gene, 839 
Co«o,392 

CoA, tee Coenzyme A 
CoA transferase, 597, M)o 
CoA transphorase, 6^ 608 
Cobalamm 1003 

Cobalt, activation of enzymes 461, 696, 
850, 011 

metabolism, 913, 1002-1005 
Cobalto-histidme complex lOS 
Cocarboxylase, tee Thiamine pyrophos- 
phate 

Codebydrogenase I, tee Diphosphopyxi- 
dme nucleotide 

Codehydrogenase II see TnpbosphopyTi- 
dme nucleotide 
Coenzyrne 200 307,321 
Coenzyme I see Diphosphopyndine nu- 
cleotide 

Coenzyroe II, see Tnphosphopy'ndme nu- 
cleotide 

Coenzyme A, acylation 376-377, 484, 505- 
506, 595-597, 1007 
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Catahses heat of actuation, 26S 
metabolism 728, 913 
occurrence, 164, 218, 365 
particle weight 42 164 365 
Cataljsis 8,210-211 
Cataljsts, nonenzjmic, 273, 279-281 
Catechol, 306, 367, 832-834 
Catechol oxidate, 833 
Cathepsm A, 700-701 
Cathepsm B 700-701, 706 715 
Cathepsm C 700-701 713 715-717 
Cathepsms, actu ation, 701 706 
hydrol> tic action 700-701 
peptide bond sjnthesis 713 
pH optima, 701 715 
specificitj , 700-702 
transamidation, 715-717 
Cation exchange resins, 122 
CDP,203 616-618,882 
CDP-cholmc, 616-618 
CDP-glj cerol, 205 
CDP-nbitol, 205 

Cell division hormones 972 974-975 
Cell membranes, 922-923 926 
Cellobiose, 406, 415 432 437 
Cellulase, 437 
Cellulose, 422 437 

Cephalins, chemistry 566 563 573 
metabolism, 577-680, 615-617 
Ceramide, 618 
Cercbrocuprem, 181 
Cerebron 572 
Cerebrontc acid 572 
Cerebrosides, 572-573 618 
Cerebroside sulfuric acid 572 
Cerotic acid, 559 
Ceruloplasmin 181,014 
Cetjl sulfonate, 684 
CP 998-1001 

see also !N5-FormyltetrahjdroPGA 
Chalcone, 670 
Chalcones, 671 
Chalinasterol 624 
Chastekparaljsis 9S3 
Chaulmoogric acid, 560 
CheiloMs 986 
Chelation, 108, 279-280 
Chemical potential 231-232 
Chemiluminescence 345 
Chenodeoxychohe acid, 632-635 
Chimj 1 alcohol 566 
Chitin,423 437,465,970-971 
Chitmase 437 

Chloride ions, 434 909,910-017 
Chloride shift 916 
Chlorine-starch iodide test 130 


Chloroeniorins, 164, 166, 178 
p-Chloromercuribenzoatc 59, 325 
p Chlorophenj lalanmc 745 
Chlorophj llase, 182 
Clilorophj 11 esterase, 182 
Chlorophjlls absorption spectra, 548 
chemistrj 181-183 
formation 870-871 
formula, 182 
m auxin metabolism 974 
in photoa> nthesis 546-550, 553-556 
occurrence 182-183 669 
Chloroplast reaction 550 
Chlorphenol red, 89 
Cholanic acid, 632 
Cholecalciferol, 623, 1011-1012 
Cholecxstokinin, 955 
Choleglobin 179 874 
A* -^-Cholestadien-3/9-ol, 628-629 
5^-ChoIestane 621 
Cholestanol 619-622 624-626 
Ciiolestanone 625 626 
A*-Cholc»tene 621 
A^-Cholestenol 623 625 
A<-Cholestenone, 625-626 651 
Cholesterol, conversion, to bile acids, 633- 
635 

to 7-dehydrocholestcrol, 625 
to steroid hormones 641-645 
excretor> products 625-626 
formation, 626-632, 788 962 
formula, 620 

m adrenal gland 641-644 051-9 d 2 
m blood no 573,621-622 
m fatty liver formation 587 
intestinal absorption 624-625 633 
microbial degradation 625-626 651 
occurrence, 619 621-622 624, 641 
stereochemistrj, 619-621 
turnover 632 
Cholesterol esterase, 576 
Cholesterol eaters 573 576 621-622 
Chohe acid, 632-635 
Choline acetylation 578 
formation 577-578 580 802 807 
formula 577 800 

in phospholipid formation 615-618 
in transmethj lation 801-802 
lipotropic action 5S7-589 
occurrence, 566-567, 571 755, 801 
oxidation 802 807-808 
phosphorylation 616 
V itamm actu ity 1007 
Choline ncctv lase, 578 
Choline esterase 577 
Choline oxidase 802 
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Cyanide ions, activation of proteinasea, 
705-706 

as respiratory poison, 341, 347 
metabolism, 796, 1002 
reaction, ^ith DPN, 313 
with heme protems, 172, 177-178, 363 
Cyanidm, 670 

Cyanocobalamm, 1001-1005 
C^anopsm, 660 
C>clol structure, 862 
Cycloserine, 57 
Cjstathionme, 793-795 
Cysteic acid, 58, 767, 797 
Cysteine, acti\ ation of enzymes, 262-263, 
324, 461, 701, 705-708 
chemistrj , 47, 51, 57-60, 93-94 
formula, 57, 793 

t<-C>steine, breakdown, 756 796-798 
formation, 792-795, 797, 799 
free energj of formation, 237 
heat of combustion, 226-227 
in coenzjme A formation, 994 
in glutathione formation, 721 
m penicillin formation, 798-799 
intercom ersion with cjstine, 792, 798 
occurrence, 57-60, 132, 351-352 
optical rotation, 79 

Cysteine desulfhydrase, 756, 770, 799 
Cysteine sulfemc acid, 58 
C>steine sulfimc acid, 58, 767, 796-798 
Cysteinylglycme, 718 
Cystine, chemistry, 47, 57-60, 237 
formula, 57 
values, 118 

i/*Cy8tme, deamination, 752 
formula, 83 
glucogenic action, 764 
metabolism, 728 792-799 
occurrence, 58, 125 798 
optical rotation, 79 
solubiht> , 94-96 
mcso-Cystme, 32 
Cjstmuna, 798 858 
Cjtidine, 187, 898-899 
Cj tidme-5 -diphosphate, 265, 617-618, 882 
Cj-tidme diphosphate choline, 616-618 
Cytidiue diphosphate gl> cevol, 205 
Cjtidine diphosphate nbitol, 205 
Cj tidine-2 -phosphate, 189-190 
Cytidme-3 -phosphate, 189-190, 878 
Cytidmo-5 -phosphate 617,896,898 
Cytidine-5 -triphosphate, 204, 616, 898 
Cj^idyhc acid, 186-190 
Cjtochrome a, absorption maxima, 349- 
350 

chemistry, 354-355 
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Cytochrome a, m electron transport, 354, 
359-362, 372 

m oxidative phosphorylation, 382-384 
oxidation-reduction potential, 299, 354 
Cytochrome ai,355 
Cj tochrome b .2 355 

Cytochrome as, absorption maxima, 350 
carbon monoxide compound, 348 
chemistry, 354-355 
m ascorbic acid oxidation, 980 
m electron transport, 354, 359-362 
Cytochrome b, absorption maxima, 349- 

350 

action on succinate, 355 
chemistry, 355 

m electron transport, 359-362, 372 
m oxidative phosphorylation, 382-384 
Cytochrome bi, 357 
Cytochrome bg, 357 
Cytochrome bs, 357 
Cytochrome b4, 357 
Cj tochrome bj, 356-357, 913, 970 
C)rtocbrome be, 357 

Cytochrome c, absorption maxima, 349- 

351 

frictional ratio, 150 

m electron transport, 341-344, 354, 356- 
362, 372 

m oxidative phosphoiylation, 382-384 
isoelectric point, 102, 851 
metabolism, 870, 944 
molecular weight, 42, 164, 351 
oxidation-reduction potential, 299, 304, 
353, 363 

prosthetic group, 352 
structure, 164, 179, 350-353 
Cytochrome ci, 353 
Cytochrome cz, 353 
Cytochrome cs, 353 
cytochrome C4, 353 
Cytochrome cs, 353 

Cytochrome c reductases, 342-344, 1013- 
1014 

Cy tochrome e, 353 
Cy tochrome f, 353, 554 
Cytochrome h, 357-358 
Cytochrome m, 356-357, 913, 970 
Cytochrome oxidase, 347-349 354, 970, 
1005 

see also Cytochrome ag 
Cytochromes, absorption maxima, 348- 
351,355-357 
bacterial, 353, 355, 357 
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Coenzj me A formation and degradation, 
5S3, 994, 1005 
formula, 206 

m amide bond formation, 635 719 815 
m citrate formation, 506-507, 518 
m ester bond formation, 578, 616 
m fatt> acid formation, 611-612, 630-631 
m fattj acid oxidation 595-605 779- 
781,787-788 833 

in a keto acid decarbo\>lation, 481- 
483 505-506, 757 
occurrence, 205, 482, 992-993 
Coenzjme-linked dismutation, 328 
Coen2\meR 997 
CoF,8S9-890 

Collagen, metabolism, 707, 733, 737 
structure, 64, 125, 13I 
Col!agena«e, 707 
Colligati\ e properties, 29-30 
Colloids 29 
Color \ ision, 660-661 
Column chromatography, 120-126 
CompetitiNe analogue-metabolite inhibi- 
tion 977 

Competitnc inhibition 256-259 977 
Compound A 946 
Compound B, 946 
Compound E 639 046 
Compound F 639 946 
Compound S 639, 946 
Conarachm, 53 
CondfnsiDgenajme 506-505 
Congenital porphj ria, 872 
Coniferjl alcohol, 422 
Coniine, 860 

Conjugated proteins, 17 162, 303, 321 
Continuing metabolism, 730 
Conwaj method 63 

Coppf-r chelation b> acids, 108 279-280 
inenz>mes 338 345,366-368 
metaboli«m, 181 913-914 
Copper digljcmalp lOS 
Copper phthalocjanine, 169-170 
Copper porphj nns, 167 
Copper proteins 181 
Coproporphjnnl 167-169 872 
Coproporphj rm III, 167, 868-869 
Coprostane 621 
Coprostanic acids 635 
Coprostanol, 620-622, 624-625 
Coprosterol, 620 
Cord factor, 561 

Con c> cle, 492 

Con ester see a-n-GIucose-l-phosphate 
Corpuscular proteins 148 
Cortexone 946 
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Corticosteroids, see Adrenocortical hor- 
mones 

Corticosterone, formula, 639 
metabolism 642-644, 946 
phjsiological effects, 947, 967 
Corticotrophm, 950-951 
ai-Corticotrophin, 951 
^-Corticotrophm, 951 
Corticotrophm A 951 
Corticotrophm B 951 
Corticotropin 950 
Cortisol, formula, 639 
metabolism 638, 642-644, 647-648 946 
physiological effects, 947, 967 
Cortisone formula 639 
metaboli&m 638 644, 647-648 946 
physiological effects 947, 959 963-964 
Cortol 648 
Cortolonc 648 
p-Coumanc acid, 672 
Countercurrent distribution, 139 
Cozyroase see Diphosphopjridme nucle- 
otide 

Creatine, excretion 804 857 
formula 53 804 

metabolism 376 486-487, 803-805 807 
occurrence 53, 485 804-805 
Creatine kinase 486-487 
Creatine phosphate dephosphorylation 
486-4S7, 581-582 
energy-rich bond 376-380 485 
formation 376, 491 
formula, 379 

in muscular contraction, 485-487, 491 
Creatinine excretion 847, 849 857-858 
formula, 53 
metabolism 801,857 
p-Cresol 833 
Cresol red 89 
Cretinism, 944 
Crocetm 654 

Crotonase 218 597-598 631 
Crotonic acid, 559 
Crotonyl Co\ 597-598 
Crj^itosterol 624 
Crj-ptoxanthin 655 1009 
C-terminal ammo acid 141-142, 144 
CTP 204, 616 898 
Cucumber mosaic \ irus 197 
Cl units con\ ersion, to C-methj 1 groups, 
629 666 898 

to Is- and S-methjl groups 806-807, 
SCO 1005 

formation 605-606, 773-776, 807, 867 
m purmc formation, 8S9, 891 
Cune, 393 
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Detoxication, of hjdrogen peroxide, 365 
of indole, 844 
of phenols, 537-538 
role of h>droperoxidases, 364-365 
Deuterium, 389 
Dextrans, 429, 451-452 
Dextran sucrase, 451-452 
Dextnos, 433, 437, 453 
DFP, formula, 261 
mhibition, of esterases, 578, 691 
of protemases, 261, 691-692, 694, 702 
Diabetes insipidus, 930, 967 
Diabetes mellitus, 940-942 

effect, on carbohjdrate metabolism, 
498, 956-957, 959 

on bpid metabolism, 590, 607, 613, 
957-958 

on protein metabolism, 763-764, 958- 
959 

Diabetogenic factor, pituitary, 959-960 
Diacetyl,480 

Diacet>lmethj Icarbmol, 480 
Dialysis, 29 
Diamagnetism, 170 
Diamme oxidase, 823, 860 
o.-y-Diammobutync acid, 138 
Diammopimelic acid, 83, 766, 810-811 
Diammopimelic decarbox> lase, 766-767 
Diammopimebc racemase, 810 
2,&*Diaminopurme, 893-894 
Diamox, 924 

Dianh>drodiadenylic acid, 204, 441 
Diapause, 968 
Diaphorase, 338, 343 
Diastase, 210 
Diastereoisomers, 81 
0-Diazoacet>lsenne, 57 
Diazobenzenesulfonic acid, 66 
6-Diazo-6-l.etonorleucine, 891 
Djbenzojlornithine, 719 
Dibromot>Tosine, 6^9 
Dicarbosyhc acid cjcle, 518-519 
3,4-Dichlorobenzene8ulfonic acid 66 
2 6-Dichlorophenolindophenol, 302-303 
2 4-Dichlorophenoxyacetic acid, 974 
Dicumarol 385 704 
Dicj clohexylcarbodumide, 134-135 
Dicyclohexjlurea, 135 
Dielectric constant, 20 92 
Dielectnc increment, 92 
Dietb>lchIorophospbite, 134 
Difference spectrum, 360-361 
Diffusion coefficient 41, 149 151 
Diffusion constant 41 149 151 
Digestion, earlj studies, 209-210 
hormonal control, 955 


Digestion, of carbohydrates, 436 
of lipids, 574-575, 577-580, 684-586 
of nucleic acids, 877, 879 
of proteins, 684-685, 694-696, 698-700 
Digitogenin, 636 
Digitonm, 621, 636 
Digitoxigenm, 636-637 
Digl^cerides, 574, 579, 616-617 
Dihydrocholesterol, 619-622, 624-626 
Dihjdrocortisol, 648 
Dihjdrocortisone, 648 
22-Dihydroergosterol, 1011 
Dihydrolipoic acid, formula 306, 448 
m or-keto acid decarboxjlation, 481- 
482, 505 

m photos>'nthesis, 553-554 
interconversion with lipoie acid, 328 
482, 1006 

Dihjdrolipoic dehjdrogenase, 328, 482, 
1006 

Dih>drolipoic transacetylase, 1006 
Dih>droorotase, 896 
Dihjdroorotic acid, 896-897 
DihjdfOoroCic debj drogenase 596 
Dthjdrosphmogosme, 571 
Dihydrostercuhc acid, 998 
Dih>droth>TDme, 899 
Dih>droxyacetoQe, 313, 468, 616 
Dih>drox>acetoDe phosphate, formation, 
468-470,494,616 
formula, 318, 468 

m pentose phosphate pathwaj , 531-532 
isomerization, 469-470 
reduction to glj ceropbospbate, 318, 
477-478 

Dihjdroxy acid dehjdrase, 782-784 
3,7-Dihydrox> coprostane, 634 
a,^-DIh>droxy-13-ethyIbuty^lc acid, 782- 
783 

5 6-Dib> droxyindoJe, 831 
a p-Dihydrox>-^-methyIbutj ncacid,782- 
783 

aP-Dih>droxj-^-methyhaIenc acid, 782- 
783 

p,5-Dih>droxy-^-methyhalenc acid, 629- 
631, 1008 

2,5-Dihydroxj’phenjlacetic acid, 826-828, 
832 

3 4-Dihydroxyphen> lacetic acid, 830-831 
3 4-Dihydroxyphenjlalamne, enz3Tnic ox- 
idation, 367, 382 
formula, 68, 367, 831 
metabolism, 766-767, 828-831, 839 
oxidation-reduction potential, 299 
3,4-Dih> droxj -p-phenyletbj lamine, 767, 
828-829 
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Cytochromes, m nitrite oxidation, 679 
m oxidative phosphorjhtion, 382-384 
m succinoxidase 359 
reaction, with CO, 353-356 
with cyanide, 3^, 356 
with oxygen, 353-356 
Cytoflave, 330 
Cytosine, formula 187 
metabolism, 886, 895-890, 898 
occurrence, 187, 191, 197-198 
pA, 196 

Cy tosine deoxy riboside, 886 

Daikenmg hormones, 971 
Dark reaction, 549-550 
Deacy lases, 503, 600, 780 
Debranching glucosidases 430 
Deby e-Huekel equation, 80 
Decanoic acid, 559 
Decarboxylation 216 
Dehydration, 216 

Dehydroascorbie acid, 305-306, 368 979- 
980 

Dehydroascorbie reductase, 368 
Dehvdrobufotenme 846 
7-Dehydrocholesterol, 623, 625 629 1011 
11 Dehydrocorticostcrone 038-639, 644 
046-947 

1 Dehydrocortisol 650, 948 
Dehydroepiandrosterone 644-645 
l-Dehydro-9 fluorocoitisone 948 
Dehydrogenases, definition 210 314 
hydrogen transfer 319-320 
pyridine nucleotide dependent, cata- 
lytic action 319-327 
kinetics of reactions, 317-319 321-322 
pyridine nucleotide specificitv 315- 
316 

substrate specificity 315 
Ai-Dehydropipecohc acid 809 
-i* Dehydropipecohc acid, 71 
Dehydroquinase 542 
Dehydroqumic acid, 541-542 
Dehy droshikimic acid, 541-542, 834 
Dehydroshikimic reductase 541 
Delactonumg enzyme 831 
Delphmidm, 671 
Demethylase 776-777 
Denaturation of proteins, 153-154, 160, 
233-234 

Demtnfication, 680 682-683 
D enzyme 454 
Deoxy adenosine, 191 
Deoxy adenylic acid 191 
l-Deoxy-l-(N-ammo acid)-2-kctohexo- 
ses 735 


Deoxy cholic acid 632,634-635 
Deoxycorticosterone formula, 639 
metabolism 642-644 650 
physiological effects, 947, 967 
secretion, 638, 946 

Deoxycort isol see 17-Hy droxy deoxycor- 
ticosterone 
Deoxycy tidine 898 
Deoxy cytidine-3 ,5 -diphosphate, 192 
Deoxycy tidy he acid 191 
6-Deo^ glucose, 410-411 
Deoxy guanosine, 191 
Deoxy guanyhc acid 191 
Deoxypentose nucleic acids, as bacterial 
transforming factors, 200, 748 905 
chemistry, 191-192 
chromosomal 74S, 905-006 
determination, 192-193 
digestion, 879 

formation 748, 904-905 1005 
from \ iruses, 194 
hydrolysis, by acid 197 
by deoxyribonuclease 879-880 
m protein synthesis 747-748 
linkages ID 109-201 
metabolic turnover 900-902 
nucleotide composition 198 
occurrence 192-194 
4-Deoxypyndoxine 762 989 
Deoxyribonuclease, 218, 747, 879-880, 
904-905 

Deoxyribonucleic acids, see Deoxy^pen- 
to«!C nucleic acids 

Deoxy nbonuclco«ides 191-192 880, 884 
898 

Deoxy ribonucleoside-5 -tripho<*phates, 
882-883 

Deoxy nbonucleotides 191-102, 880 883 
Deoxy nbose 191-192 410 1005 
Deoxy nbose-l-phosphate 884 
Deoxy ribose-5 phosphate, 534-535 
Deoxymndine 884 898 
DephosphoCoA, 994 
DephosphoCoA kinase 994 
DephosphoCoA pyrophosphorylase, 994 
Depot fat 586-5S7 5S9 
Desmosterol 628-629 
Desoxyribonuclcase see Deoxyribo- 
nuclease 

Desthiobiotm 096-997 
Dcsulfhydration 216 

Detoxication, mercapturic acid forma- 
tion 59 

of ammonium ions 817 853 
of aromatic acids 53, 537, 719 
of cyanide ions, 796 
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Diphosphopyridme nucleotide, photore- 
duction, 555 

reduced, action of flavoprotems, 342- 
343 

aerobic oxidation, 359-352, 371-372 
binding by alcohol dehydrogenase, 
320-323 

chemistry, 312-313 
formula, 312 

m fatty acid formation, 612 
in homoserme formation, 790 
in hj droxylamine reduction, 681 
in menadione reduction, 1014 
m nitrite reduction, 682 
m nitrogen equilibrium, 765 
m oxidative phosphorjlation, 382- 
384, 521 

m prolme formation, 813-814 
in steroid metabolism, 647, 651 
oxidation, 311 339 521 
stereospecific reduction, 319-320 
Dipolar ion, 92 
Dipole moment, 92 
Direct calorimetry, 930-931 
Disaccharides, chemistry, 406, 414-416, 
418 

formation, 446-151 
phosphorolysis, 446-449 
see also individual sugars 
Dismutation reactions, coen 2 yme linked, 
328 

Dissociation constant acid, 87-88 
Dissymmetry constant, 149-151 
Diterpenes, 661, 663 
Djenkolic acid, 60 

DNA, see Deoxypentose nucleic acids 

DNFB, 142-143 

DNP method, 142-143 

DOC, see Deox> corticosterone 

Dodecanoic acid, 559, 586, 603 

Dodecyl aldehjde, 346 

Dodecyl sulfate, 109, 153 

Dopa, see 3,4-Dihj droxyphenylalanme 

Dopa decarboxylase, 768, 829 

Dopa oxidase, 367 

Dopa qumone, 839 

Dornase, 879 

Double refraction of flow, 152 

Dowex resms, 122, 147 

DPN, see Diphosphopyridme nucleotide 

DPNase,309 

DPNH, see Diphosphopyridme nucleo- 
tide, reduced 

DPNH-cytochrome c reductase, 338, 343 
DPNH oxidase, 359-362 
DPN pyrophosphorylase, 310 


Dynamic equilibrium, 730 

Eadie equation, 253-254 
Eburicoic acid, 663, 664, 665-666 
Ecdysone, 969-970 
Echinenone, 655 
Edestm,35, 42, 62, 125 
Edman method, 143-144 
Egg albumin, antigemcitj, 740 
cleavage by subtihsm, 708 
composition, 17, 28, 125 
crystallization, 22 
electrophoresis, 104 
formation, 737-738 
frictional ratio, 150 
mteraction with ions, 108-109 
lonizable groups, 98 
isoelectric point, 102 
particle weight, 33, 42 
solubihtv, 101-102 
terminal ammo acids, 143 
Eicosanoic acid, 559 
Einstein’s law of photochemical equiva 
lence, 547 
Einstem umt, 547 
Elaidic acid, 560 
Elastase, 680 
Elastm, 53, 689 
Electrocortm, see Aldosterone 
Electrode potentials, 293-295, 327 
Electrolyte balance, 916-917, 919 
hormonal control 947, 966-968 
Electron carrier systems, biological, 304- 
306 

Electron microscopy of proteins, 35 
Electron transfer in biological systems, 
303-306, 321 

action, of copper-contaimng oxidases, 
367-368 

of cytochromes, 359-362 
of flavoprotems, 334-335, 340-342 
of pyridine nucleotides 329, 340-342 
effect of antimycin A, 356 
effect of BAL, 355-356 
m oxidative phosphorylation, 381-385 
pathwa>s, 362, 368-369, 371-372 
Electron-transferring flavoprotem, 345 
Electron-volt, 392 
Electrophoresis, 37-39, 102-107 
paper, 120 

Electrophoresis-conv ection, 107 
Electrophoretic mobility, 104-105 
Electrostnction, 695 709 
Eleostearic acid, 559 

Embden-Meyerhof pathway, for alco- 
holic fermentation, 476-477 
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2^DihjdroTypheD>lp>ru%JC acid, 826 
4,8-Dihjdroxyquinolme, 838 

4.5- Dihjdroxj qumoline-2-carboxj hcacid, 

836-837, 840 

9 10-Dih>droxjsteanc acid, 562 
Diimide, 676 

3^ -Diiodothyronme 831-832, 943-944 

3.5- Diiodotyrosme, 68-69, 79 
I)nsoprop>lfluoropho9phate, tee DTP 

2.5- Diketogluconic acid, 536 
Diketogulonic acid, 979-980 
Dilatometric method, 709 

2.3- Dimercaptopropanol, 324, 355-356 
Dimethj lat-o he acid 629^1 663 
Dimethj lacr^ 1} I-CoA, 630-631, 788 
Dimethyladipic acid, 594 
6,7-Dimeth>laIIoxazme, 331 
p-Dimeth>IaminobenzaIdch^dc test, 413, 

426 

Dimethjlammocthanol, 802, 807 
6-Diraethj lammopunne, 207 
66-Dimeth>lben2imidazoIe, 1002, 1004 
4,4'Dimeth\Icholcstadienol, 628 
P,/J'-Dimeth>lcjsteme, 60 

4.5- Dimeth} l«l,2-diammobeazeQe 1004 
Dimeth>lglycmc 776 
Dimeth>l-p-phenjlcnediamine 354 
Dimeth>lpropiothetm, 800 801 803 807 
5 6-Diinethyl-l*ribo9> l-bcozimidazole-S • 

pho«phate 1002 
DioiethjlseJeaide 805-806 

22- Dimethyl9teanc acid, 594 
Dimethjl sulfate, 418 
Dunethj Isulfide 798 
Dimelthyltellunde 805-806 
Dimeth>lthetm, 800, 801 803 807 
^ N-Dimeth>Itryptamine, 846 
^,^-DlmethyIt^3ptamIne-J*-o■^lde, 846 
Dinicotino>Iornithine 900-901 

24 Dmitrofluorobenzene method 142-143 

2.4- Dmitro-l-naphthol-7-sulfomc acid, 64 
2 4-Dinitrophenol, 385 524 734 736 

2 4-Dinitrophen> 1 amino acids, 50 

23 - Dio3c> adenine, 886 
Dipeptidases 685 697, 699, 702, 708 
Diphenylarame 192-193 
Diphen>lphosphate 583 

1.3- Diphenylurea 975 

2.5- Diphosphoadenosme, 310 

3 5-Diphosphoadeno«me, 994 

1.3- Diphosphoglj ceric acid, action of tn- 

o«e phosphate dehjdrogenase 316 
324-325 470 

encrgy-nch bond 377-378 
formula 321 471 

in alcoholic fermentation, 470 476 
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1.3- Dipho5phogIj cenc acid, m gl>col>sis, 

490 

interconv ersion, with 2,3-dipho5pho- 
glj cerate, 472 

with 3-pho«phogl> cerate, 373-374, 
376, 470 

2.3- Diphosphogl3 cenc acid, 472 
Diphosphomositide, 570, 583 
Diphosphoino«itoI, 570 
Dipho«phopjndine nucleotidase, 309 
Diphosphopj ridme nucleotide, absorp- 
tion spectrum, 311, 315, 317 

acetylp>ndine analogue, 309, 991-992 
addition reactions, 313 
as microbial growth factor, 308 
binding, b> alcohol dehj drogenases, 
320-323 

by tno'e phosphate dehydrogenase, 
324, 325 

chemistry 307-309 
clearage 309-310 
disco\ery 307 
formation 309-310, 990 
formula, 309 

in acetaldehyde dehydrogenase action, 
483 

m alcoholic fermentation, 475-476 
in ammo acid metabolism, 754 
m betaine aldehyde oxidation, 802 
ID citnc acid cy cle, 508 
in dehy drogeoase action, 314-329 
m dihydroorotic dehydrogenase action, 
896 

ID fatty acid oxidation, 598-599, 780, 
785 

in glycerol formation, 477-478 
in glycolysis 479,490 
m histidine formation, 820 
ID inositol oxidation, 544 
m isocitnc dehydrogenase action, 564 
in a-keto acid decarboxylation, 481- 
482 505 

m Iipoic acid metabolism, 481 
ID mannitol-I-phosphate oxidation, 543 
m PGA metabolism 775 
in purine metabolism, 892 
m quintc acid metabolism 541 
m steroid hormone metabolism, 643, 
640 049 C5I 

m Stickland reaction 757-758 
m UDP-galactose epimenzation, 464 
in UDP-gluco«e oxidation, 467 
in \ ision 650-660 
in xylitol oxidation, 540 
occurrence, 308 

oxidation-reduction potential, 299, 322 
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Ephedrme, 4S0, 861 
Epicholestanol, 621 
Epmephrine, see Adrenahn. 

12 13*Epoxyoleic acid, 562 
Equilenm, 640-641 

Eqmhbrtum, thermod} namtc, 241-242 
Equilibrium constant apparent, 232 
determination. 235-236, 241-242, 322-323 
effect of pH, 236 
m rciersible reactions, 224 
relation, to enthalpy change, 227-228 
to free-cnergy change, 233, 235-536 
to MicbacJis co0'5tant, 256 
to oxidation-reduction potential, 
300-301 

to rate constants, 322-323 
thcrmodjmamic, 232 
Equilibrium dialjgis method, 100-110 
Equitm, 640-641 
Ergocalciferol 623, 1011-1012 
Ergocominc, 862 
Ergokryptine, 862 
Ergometrme, 862 
Ergosterol, 622, 624 620 1011 
Ergot alkaloids, 138, S62 
Ergotammo, 862 
Ergothioneme 67,824 
Ergotoxincs 862 
Enodictyol, 671 
Erythrocruorms, 163-164, 174 
Erythrocytes 427 860-870, 910-917 
Er> throse, 404 

Er> throse-4-phosphate, 531-532 541 
Erythrulose, 529 
Eserme, 578 861 
Essential ammo acids, 724-728 
Essential fattj acids 561, 587, 614 
Esterases, cataljtic action 216 570-578. 
624-625 

mechanism of action, 281-282 
occurrence 575-577 
specificity, 275 277 576-578 
EsteratiC site 281 
Estradiol see Estradiol-I7^ 

E8tradioM7a 046 
EstradioH76,formula 640 
metabolism 646,650 
occurrence 640 948 
EstradioI-170 dehjdrogenaso, 646 
Estrane, 638 
Estriol, 640, 646 

Estrogens, metabolism, 643 645-646. 651 
occurrence 610-641,645,948 
phjeiological effects, 953 
structure 638,640-641 
Estrone, 640 845-646 


Ethanol, coat ersion to fatty acids, 611 
dielectnc constant, 21 
formation, from acetaldehyde, 316, 475- 
476 

m alcoholic fermentation 476 
in heterolactic fermentation, 535-536 
ra phosphoroclastic reaction, 483 
free energy of formation, 237 
in protem precipitation, 20-22 
oxidation to ncetaldehjde, 316, 365-366 
475-476 

Ethanol-acetaldehyde sjstem oxidation- 
reduction potential, 327 
Ethcnohmine, see Ammoethanol 
Ethereal sulfates, 795-796 
Ethj Ichlorocarbonate, 134 
Elhjldichlorophosphite, 134 
Eth>lcnediamtnetetraaee(ate, 324 
Eth> lene reductase, 597 
N-Eth> Imaloimide, 59 
Etiocholane, 638 
Etiochohne-3,I7-dione, 649-650 
EtiocholanoJone, 649-650 
Etioporphjrin, 166 
Euglobuhns, 17, 20-21 
Exceism, 42 

Exei^omc reactions, 230-232, 301, 3(B 
linked to cndergonic reactions, 372- 
377, 713-714 

by p> rtdme nucleotides, 327-328, 374- 
375 

bj substrates, 239-241, 37!WT4 
Exopeptidases, 867 
see also Peptidases 
Exoskeleton, crustacean, 070-971 
insect, 9CS 

Exothermic reaction, 226 
Extinction coefficient, 72 


FAD, see Flavin adenine dinucleotide 
FAD p> rophosphorj lase, 330 
Faraday, 293, 301 
ramesenic acid 631 
Famesol, 662 663, 664 
Fastigiatm, 141 
Fata, compound, 566-573 
digestion 574-^76,578,580 
intestinal absorption, 584-586 624-6ia 
metabolism see Fatty acids Lipid me- 
tabolism 
neutral, 557-560 
raneiditj , 564 
fitmplc, 557-566 

unsapomfiable, 619 , , . 

see also Sterols Lipids, Phosphohpioa, 
Sphmgolipids 
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Galactose, phosphorylation, 463 
Galactosemia 4^, 858 
Ga?actose-l-phosphate, 463-484 
^-Galaetosidase, 432, 454, 748-747 
Galactowaldenase, 404 
Gakcturonic acid 411, 423 438, 638-539 
Gamabufotahn, 637 
Ganghosidcs 571-572 
Gas constant, 227, 232, 293 
Gastrophilus respiratoiy pigment 163- 
164, 174 

Gaucher's disease, 572 
GDP. 505-506 735, S82-883 
Geiger-Muller tube, 392-393 
Gelatin, 125 707-708 
Gentianose 416-417 
Gentiobiose 415-416 
Geotropism 972-973 
Geratiiol. 661-662 664 
Gibberelhns, 975 

Gifabs-Donnan effect, 111 - 112 , 915-917 
Gibbs' phase rule 25-26 
Gitogemn, 636 
Gitomn 636 
Glass electrode, 19 
Glmdin, 70. 130 727 
Globm 163 
see etlso Hemoglobin 
Globm hcmochromogen 172-173 
Globular proteins, 148 ICO 
Globuhns, 16-17 
m seeds, 17, 742 
m serum, 19 22, 573 741 
a-Globulms 106 425, 738 943 
j9-Globulma, 106 573 738 
'j'-Globuhns, 106 150, 740 
formation 739-741 
m multiple mjcloma 741 
relation toantibodiea 740 
Glossitis, 9S6 

Glucagon, 441 942 981-963 
Glucokinase 460 492-491 500, 956-957 
Gluconcogenesis 493 495-496 
hormonal control, 956-957 959 
Gluconic acid, 314 4U, 526 536 
Gluconokinase 526 
Gluconolactone 314 339 
«-n-Glucopyranose,403 405 
^•i>*Glucop>rano5e 403 406-407 
Glucosamine, 412-413 425-428 -460 
GIuco«amme-l-pho3phate, 406 
Glucooamine-6-phosphate, 460, 465 
Glucosazone 4C8 
Gluconic, blood levels, 4S7-4Q8 
breakdown b> fermentation, 476-478 
bygtycobsis 490,494 


1NDB( 

I Glucose, breakdown, by pentose phos 
phate pathway , 

I chemwtry, 402-409 
i conversion, to ascorbic acid, 539-540 
to fatty acids, 61 1-612 
. to fructose, 494-495 

to glupome acid, 314, 339, 526 
to 8lucose-6-phosphate, 375, 459-460, 
492-494 

to gfucosone, 637 
to glucurome acid, 537 
to glycogen, 492-495 
to inositol, 543-644 
to kojic aciu, 542-543 
to qutnic acid, 541-542 
to shilumtc acid, 541-542 
to sorbitol, 495 500 
to tetronic acids, 538-539 
fonnatioD, from maltose, 43t, 453 
from p>TU\ ate, 474 
from sorbitol 543 
from sucrose, 433, 451-452 
V la pentose phosphate potJiwa> , 531- 
632, 552 
formula, 404 

free energj of formation, 237 
heat of combustion 226-227 
inhibition of phosphorylase 441 
intestinal absorption, 492-493 
link to ammo acid metabolism, tee 
Protein metabolism, link to carbo- 
hydrate metabolism 
mutarototion 405 
occurrence, 402 

m bacteriophage DKA, 196, 991 
in oligosaccharides, 414^16 
m poijsacchandes, 417, 421-422 428* 
420 

m sphingolipids 573 
optical rotation 406 
oxidation, citnc acid cjcle in, 501- 
510 

effect of msulia 955-957 
enei^ relations, 520-524 
pentose phosphate pathwaj in, 525- 
534 

to hexomc acids, 526, 535-536 
tests, 407-408 
tolerance curve, 498-499 
Irani^ort 956 
UDP- see TTDP-glucose 
Glucose-l-areenate, 439 
Glucose dehydrogenase, 314-316, 320 
Glucose-1, 6-diphosphate 461-462, 466 
Glucose oxidase, 33S-339 407, 526 
Glucose-6-phosphalase, 446, 497, 956 
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Fatty acid activating enz>mes, 484, 595- 
596 

in fatty acid cycle, 600-601 
m phospholipid formation, 616 
in tnglj ceride formation, 616 
mechanism of action, 484, 720 
Fatty acid cycle, enz> mic reactions, 595- 
601 

in fatty acid formation, 609 612-613 
in fatty acid oxidation, 599-601 785 
scheme, 600 

Fatty acid dehy drogenase, 587 
Fatty acid peroxidase, 609 
Fatty acids, actuation, 484, 595-596, 720 
branched-cham, 558-560 
chemistry , 558-564, 594 
chromatography , 563-564 
essential, 561, 587, 614 
formation 586-587, 609-614 
effect of insulin, 957-958 962 
fatty acid cycle in 609, 612-613 
from carbohydrates, 611-612 
from ethanol, 611 
from protein, 611 

incorporation into tnglycendes and 
phospholipids, 585 014-618 
inhibition of lipases, 575 
intestinal absorption 584-586 
metabolism, 585-587, 590-618 
occurrence 553-562 565-567 571-572 
oxidation, 686-587, 690-600 
citnc acid cycle in, 600-601 
fatty acid cycle in, 595-607 
hormonal control, 963 
in animals, 586-587, 590-609 
in diabetes, 613 
m microbes 608 
in plants 602 609 

relation to glucose oxidation 606-607 
respiratory quotient, 590 932 
theories of, 692-594 
to acetoacetate, 590-605 607 
to acetyl-CoA, 595-601 
to CO 2 590 600-601, 604, 606-607 
release from tnglvceridcs and phospho- 
lipids 574-577 
transport m blood 585-586 
turnover tn vivo, 614 
unsaturated, chemistry, 559-500 564- 
565 

metabolism 58G-5S7, 610-611, 614 
occurrence, 55S-562 569 975 
Fatty lu ers, 687-588 
Fe''9,392 

FehUng’s solution, 407 
Fclinino, 60 


Fermentation, 456 

Fermentation Lactobacillus caset factor, 
999 

Ferments, 209,213-214 
Fernc hydroxide, 24 
Ferric ions see Iron 
Fcmbeme, 178 

Fernhemoglobm, see Methemoglobin 
Ferritin, 181, 830 9I2-9I3, 980 
Ferrous 10 ns, see Iron 
Feulgen reaction, 192, 568 
Fibrin 57, 702-704 
Fibrinogen, isolation, 22 
metabolism, 702-70-4, 738 
physical properties, 21 42, 150 
tyrosme-O sulfate from 69 
Fibnnolysin, 703 
Ficm, 705, 713, 716 

First-order reactions, 244-245, 248-249 
Flavanoncs 670 
Flavianic acid, 64 

Flavin adenine dinucleotide chemistry, 
336-337 
formation 336 
formula, 336 

in flavoprotoms, 336-340, 751-753, 766, 
802 

Flavin mononucleotide absorption spec- 
trum, 334 

formation 335-336 
formula 332 

in bioluminescencc, 345-346 
ID flav oprotems, 332-335 337-340 762- 
753 

oxidation-reduction potential 333 
Fhvin nucleotides, autoxidation, 305 
chemistry, 332-333, 336-337 
in electron transport, 340-344, 372 
in ffav oprotems 332-340 
oxidation-reduction potential, 304, 333 
Flavins, 330-332 345-346 372 
see also Riboflavin 
Flav okioase, 335 910 
Flav one, 670 
Flav onei, 670 672 
Flavonol, 670 
Flav onoh 670, 672 
Flav oprotems, antibiotic action 339 
autoxidation, 335, 337, 340-343 
cataly tic, 33 W40 345 
flavin nucleotide specificity, 337-338 
fluorescence 333 337 
in ammo acid oxidation 761-753 755 
m cellular respiration 340-344 
m fatty acid oxidation 597, 600 
in oxidative phosphorylation, 383-384 



